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CHAPTER
ONE

EXAMPLES

These are a few examples of how ImpedanceFitter could be used.

1.1 Generating and using a model

The general idea of ImpedanceFitter is to generate equivalent-circuit models from the basic elements. However, there
are some more complex circuits and models that are pre-implemented. One example is the Randles circuit.

The Randles circuit can be formulated in ImpedanceFitter as:

’model = 'R_s + parallel(R_ct + W, C)'

The model consists of the basic elements R, W, and C with respective suffix.

It can be drawn by

impedancefitter.draw_scheme (model)

Note that the interface to draw the equivalent circuit is quite simplistic and might not be correct for very complicated
circuits!

For this circuit it yields



https://en.wikipedia.org/wiki/Randles_circuit
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The impedance for a list of frequencies can the be computed by calling

frequencies = numpy.logspace (0, 8)
Rct = 100.
Rs = 20.
Aw = 300.
CO = 25e-6
model = 'R_s + parallel (R_ct + W, C)'
Imfit_model = impedancefitter.get_equivalent_circuit_model (model)
Z = lmfit_model.eval (omega=2. * numpy.pi » frequencies,

ct_R=Rct, s_R=Rs,
C=C0, Aw=Aw)

The same circuit has been pre-implemented and is available as

model = 'Randles'
Imfit_model = impedancefitter.get_equivalent_circuit_model (model)
Z = lmfit_model.eval (omega=2. * numpy.pi * frequencies,

Rct=Rct, Rs=Rs,
C0=C0, Aw=Aw)

Note: LMFIT names parameters with a prefix. When writing equivalent circuits, it is usual to use suffixes. Hence,
the models here are formulated using suffixes but the parameters need to be named with prefixes. Then, if the model
is R_ct, the respective parameter is ct_R.

2 Chapter 1. Examples
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Warning: Make sure to add suffixes to each element or circuit if there any elements with the same name! LMFIT
does not (yet) support models, where you have for example cz_R and R. As shown here you need s_R AND (!)
ct_R.

The computed impedance can also be visualized

impedancefitter.plot_impedance (2. * numpy.pi » frequencies, 7)

The real and imaginary part are shown together with the Nyquist plot
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1.1.1 See Also

examples/Randles/randles_model.py.

1.2 Validating the data

1.2.1 LinKK test

Before fitting the experimental data to an equivalent circuit model, you can make sure that the data are valid. The
data are valid if the real and imaginary part are related through the Kramers-Kronig (KK) relations. The LinKK test
[Schoenleber2014] permits to validate the data by fitting the data to a KK compliant model. A less automated version
of this test is also used in proprietary software (see, e.g. this application note).

Here, it is summarized how the test works in ImpedanceFitter.

Assume the model discussed in [Schoenleber2014]. It can be represented in ImpedanceFitter by

’model = 'R_sl + parallel(C_s3, R_s2) + parallel (R_s4, W_s5)'

After having generated artifical data stored in test.csv, we can initialize the fitter.

’fitter = impedancefitter.Fitter ('CSV'")

Then, the LinKK test can be performed for all data sets by running

results, mus, residuals = fitter.linkk_test ()

results contains the fit results as a dictionary. mus is a dictionary with all y values for an increasing number of
RC-elements used in the LinKK-test. residuals is a dictionary containing all residuals during the least-squares fit.

The result of the fit looks like this:

4 Chapter 1. Examples
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The parameter j» decays with an increased number of RC elements as described in [Schoenleber2014]. It is used to

detect overfitting. The threshold for overfitting is set to 0.85 but can be manually adjusted.

1.2. Validating the data
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0.96 1

0.94 1

= 0.924

0 ! z RC elements per decaZe ¢ ®
In this example, all residuals are very small (as expected for artifical data). If the relative difference exceeds 1% or if
there is a drift in the residuals, concerns about the validity of the experimental data could be raised. If you observe
sinusoidal oscillations in your residuals, increase the number of RC-elements either manually or by decreasing the
threshold to values below 0.85.

If there is an inductive or capacitive element present, it can be benefitial to add an extra capacitance or inductance to
the circuit. This can be done by

results, mus = fitter.linkk_test (capacitance=True)
results, mus = fitter.linkk_test (inductance=True)
results, mus = fitter.linkk_test (capacitance=True, inductance=True)

Especially if you observe large residuals at high frequencies, an inductive element should be added.

1.2.2 Numerical Integration

The Kramers-Kronig relations are integral transforms. These integrals can be evaluated numerically [Urquidi1990].
This functionality is available through the function KK_integral_transform. For the abovementioned model it can be
done by

ZKK = impedancefitter.KK_integral_transform(2. * numpy.pi * frequencies, Z)

# add the high frequency impedance to the real part

ZKK += Z[-1].real

# plot the impedance and show the residual

impedancefitter.plot_impedance (2. * numpy.pi » frequencies, 7, Z_fit=ZKK,
residual="absolute", labels=["Data", "KK transform", "

‘—>"J)
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The result indicates that the data fulfil the KK relations. However, the error is not as small as with the LinKK test
(mostly due to numerical accuracy of the integration scheme).

1.2.3 See Also

examples/LinKK/linkk.py. examples/LinKK/linkk_cap.py. examples/LinKK/linkk_ind.
py. examples/LinKK/linkk_ind_cap.py. examples/KK/kk.py.

impedancefitter.fitter.Fitter.linkk test()

1.2. Validating the data 7
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1.3 Fitting experimental data

Impedance spectroscopy data can be processed using impedancefitter.fitter.Fitter.

Currently, a few fileformats can be used. They are summarized in impedancefitter.utils.
available file format ().

In this example, artificial data will be generated and fitted.

We want to fit a user-defined circuit, which reads

model = 'R_s + parallel (R_ct + W, C)'

First the data is generated using the following parameters

frequencies = numpy.logspace (0, 8)
Rct = 100.

Rs = 20.

Aw = 300.

CO0 = 25e-6

Then the model is defined and data generated and exported

Imfit_model = impedancefitter.get_equivalent_circuit_model (model)
Z = lmfit_model.eval (omega=2. * numpy.pi » frequencies,
ct_R=Rct, s_R=Rs,
C=C0, Aw=Aw)
data = {'freq': frequencies, 'real': Z.real,
'imag': Z.imag}
# write data to csv file
df = pandas.DataFrame (data=data)
df.to_csv('test.csv', index=False)

The fitter is initialized with verbose output. Also, the fit results will be plotted immediately.

fitter = impedancefitter.Fitter('CSV', LogLevel='DEBUG', show=True)
os.remove ('test.csv')

We use the Randles circuit that corresponds to the custom circuit model. The initial guess is passed in a dictionary
with minimal information.

model = 'Randles'

parameters = {'Rct': {'value': 3. * Rct},
'Rs': {'value': 0.5 % Rs},
'CcO0': {'value': 0.1 % CO},
'Aw': {'value': 1.2 % Aw}}

Then the fit is simply run by

fitter.run (model, parameters=parameters)

circuit: Randles

Created composite model <lmfit.Model: Model (Z_randles)>

Using provided parameter dictionary.

8 Chapter 1. Examples
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Setting values for parameters ['Rct', 'Rs', 'Aw', 'CO0']

Parameters: {'Rct': {'value': 300.0}, 'Rs': {'value': 10.0}, 'CO': {'value':
—~2.5e-06}, '"Aw': {'value': 360.0}}

Rct needs to be positive. Changed your min value to 0.

Rs needs to be positive. Changed your min value to 0.

Aw needs to be positive. Changed your min value to O.

CO0 needs to be positive. Changed your min value to O.

Number of data sets:1

Going to fit

BHEFHFF AR H AR A A AR F RS A AR HER A

fit data to Z_randles model

FHEFHFF AR H AR A F AR F ARSI RS

#HEHEHAEES
Fitting started
#hH#HEHHHA

[ [Model]]
Model (Z_randles)
[[Fit Statistics]]

# fitting method = least_squares
# function evals =9
# data points = 100
# variables =4
chi-square = 3.4139%e-21
reduced chi-square = 3.5561e-23
Akaike info crit = -5165.16054
Bayesian info crit = -5154.73986
[ [Variables]]
Rct: 100.000000 +/- 3.0610e-12 (0.00%) (init = 300)
Rs: 20.0000000 +/- 9.7884e-13 (0.00%) (init = 10)
Aw: 300.000000 +/- 8.7406e-12 (0.00%) (init = 360)
CO: 2.5000e-05 +/- 1.3555e-18 (0.00%) (init = 2.5e-06)
[[Correlations]] (unreported correlations are < 0.100)
C(Rct, Aw) = -0.656
C(Rct, CO) = 0.354
C(Rs, CO) = 0.348
C(Aw, CO) = -0.341

1.3. Fitting experimental data 9
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C(Rct, Rs) = -0.183
Solver message: “gtol” termination condition is satisfied.

Fit successful

Initial and best fit can be plotted together to improve on the initial parameter guess

fitter.plot_initial_best_fit ()

Comparison of initial and best fit
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Here, the initial guess was passed in a dictionary with minimal information. One could also specify bounds or fix a
parameter.

For example, if Rct was restricted to be between 50 and 500 and CO was known and thus fixed, the parameters would
read

parameters = {'Rct': {'value': 3. % Rct,
'min': 50,
'max': 500},
'Rs': {'value': 0.5 % Rs},
'c0': {'value': CO, 'vary': False},
'Aw': {'value': 1.2 % Aw}}
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1.3.1 See Also

examples/Randles/randles_data.py.

1.4 Customizing the solver

The previous example Fitting experimental data is chosen again.

This time, noise and outliers are added to the data

# parameters

frequencies = numpy.logspace (0, 8, num=50)
Rct = 100.

Rs = 20.

Aw = 300.

CO0 = 25e-6

When running the fit with the standard least-squares solver, we obtain

1.4. Customizing the solver

11
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Instead, we can customize the solver:

frequency [Hz]

df =
df.to_csv('test.csv', index=False)

pandas.DataFrame (data=data)

# initialise fitter with verbose output

fitter = impedancefitter.Fitter ('CSV', LogLevel='DEBUG')

and obtain

12
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1.4.1 See Also

examples/Randles/randles_solver.py.

1.5 Analysing a larger data set

frequency [Hz]

When performing multiple measurements on different samples, it is convenient to analyse the statistics of the data set.

Here, we show how to fit many samples and subsequently generate histograms and find the best probabality distribution

to describe the data.

#

#

#

# Copyright (C) 2018,

# Copyright (C) 2018, 2019,
—rostock.de

#

2019 Leonard Thiele,

The ImpedanceFitter is a package to fit impedance spectra to
equivalent-circuit models using open—-source software.

leonard.thiele[AT]uni-rostock.de
2020 Julius Zimmermann,

julius.zimmermann [AT]uni-

(continues on next page)

1.5. Analysing a larger data set
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(continued from previous page)

This program is free software: you can redistribute it and/or modify
it under the terms of the GNU General Public License as published by

the Free Software Foundation, either version 3 of the License, or
(at your option) any later version.

This program 1is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY,; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License

S HH R W O KR R R R R R

import numpy as np

import os

import pandas as pd

from collections import OrderedDict

from impedancefitter import get_equivalent_circuit_model, PostProcess,
from matplotlib import rcParams

rcParams|['figure.figsize'] = [20, 10]

# parameters

f = np.logspace(l, 8)
omega = 2. * np.pi » £
R = 1000.

C = le-6

data = OrderedDict ()
data['f'] = £

samples = 1000

model = "parallel(R, C)"

m = get_equivalent_circuit_model (model)

# generate random samples

for i in range (samples):
Ri = 0.05 * R » np.random.randn() + R
Ci = 0.05 » C « np.random.randn() + C

7Z = m.eval (omega=omega, R=Ri, C=Ci)
# add some noise
7 += np.random.randn (Z.size)

data['real' + str(i)] = Z.real
data['imag' + str(i)] Z .imag

# save data to file
pd.DataFrame (data=data) .to_csv('test.csv', index=False)

# initialize fitter
# LogLevel should be WARNING; otherwise there
# will be a lot of output

fitter = Fitter('CSV', LogLevel='WARNING'")
os.remove ('test.csv')

along with this program. If not, see <https://www.gnu.org/licenses/>.

Fitter

(continues on next page)
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(continued from previous page)

parameters = {'R': {'value': R},
'C': {'value': C}}
fitter.run (model, parameters=parameters)

postp = PostProcess(fitter.fit_data)
# show histograms
postp.plot_histograms ()

# compare different algorithms to find matching model
print ("BIC best model for R:",

postp.best_model_bic('R', ['Normal', 'Beta', 'Gamma'])[0])
print ("Chisquared best model for R:",

postp.best_model_chisquared('R', ['Normal', 'Beta', 'Gamma']) [0])
print ("Kolmogorov best model for R:",
postp.best_model_kolmogorov ('R', ['Normal', 'Beta', 'Gamma']) [0])

print ("Lilliefors best model for R:",
postp.best_model_lilliefors("R", ['Normal', 'Beta', 'Gamma']) [0])
print ("Expected result:\nNormal (mu = {}, sigma = {})".format (R, 0.05 » R))

Histogram for variables
16
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BIC best model for R: Normal (mu = 1000.36, sigma = 48.2622)
Chisquared best model for R: Normal (mu = 1000.36, sigma = 48.2622)
Kolmogorov best model for R: Normal (mu 0, sigma = 1)

Lilliefors best model for R: Normal (mu 1000.36, sigma = 48.2622)
Expected result:

Normal (mu = 1000.0, sigma = 50.0)

1.5. Analysing a larger data set 15
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1.5.1 See Also

examples/Statistics/statistics.py.

1.6 Available file formats

We have analysed impedance data measured with different devices. Here, we show how the different file formats, in
which the data are stored, can be read in. Please let us know if you have used ImpedanceFitter with other file formats.

1.6.1 Gamry Reference 600+

The data are saved in the DTA format. They can be read in using

fitter = impedancefitter.Fitter ("DTA")

1.6.2 Sciospec ISX-3

The data are stored in .spec files, which are plain text files and can be read in using

fitter = impedancefitter.Fitter ("TXT", ending=".spec", skiprows_txt=6, delimiter=",")

1.6.3 Keysight E4980AL

The data were stored through the USB interface and stored in a CSV file that is structured like: frequency, real part of
impedance, imaginary part of impedance, voltage, current. For these files, we wrote a special function to read it in. It
can be accessed through

fitter = impedancefitter.Fitter ("CSV_E4980AL")

1.6.4 Various instruments with data stored in CSV or Excel files

The structure of CSV and Excel files has to be: frequency, real part of impedance, imaginary part of impedance, real
part, imaginary part, .... This means that there can be multiple impedance spectra in one file. However, all spectra
have to be measured at the same frequency points, which must be stored in the first column of the data set. Then the
data can be read in using:

fitter = impedancefitter.Fitter ("CSV")
fitter impedancefitter.Fitter ("XSLX")

16 Chapter 1. Examples




CHAPTER
TWO

FITTING

The script will cycle through all files in a selected directory (unless certain files are excluded or explicitly listed) and
will store the experimental data. The experimental data can then be fitted to user-defined model.

2.1 Formulate the model

The ImpedanceFitter parser understands circuits that follow a simple pattern:
* Elements in series are connected by a +.
* Elements in parallel are connected by parallel(A, B).

An example of a circuit could be:

’parallel(R, C) + CPE

This stands for a resistor in parallel with a capacitor that are in series with a constant phase element (CPE).

Also nested parallels are possible:

’parallel(parallel(L, C), R)

Find all available elements in Section Circuit elements and all available circuits in Section Circuits.

You can also use prefixes. This is needed if you want to combine multiple elements or circuits of the same type.
Otherwise, the parameters cannot be distinguished by LMFIT.

For example:

’parallel(R_fl, C_fl) + parallel(R_f2, C_f2)

2.2 Execute the fit

Using impedancefitter.fitter.Fitter.run (), those files can be fitted to an equivalent circuit model. If
there are two models involved that shall be fitted sequentially for each file, refer to impedancefitter. fitter.
Fitter.sequential_ run (). This method allows one to communicate inferered parameters to the second model.
In [Sabuncu2012], an example of such a sequential procedure has been presented.

17
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2.3 Add a custom model

If you want to add a custom model that cannot be built by the existing models, you need to follow these steps:

1.

Create a new function for this like

def example_function (omega, parameterA, parameterB):
impedance = ...
return impedance

The first argument of the function needs to be named omega and is the angular frequency! The same holds true
for elements. LMFIT generates the model based on the function arguments and always takes the first argument
as the independent variable. The other parameters are then accessible by their names.

Give this model a reference name that does not contain numbers or underscores. Link it in
impedancefitter.utils._model_function () to the function you defined in the previous step. Add
the model to impedancefitter.utils.available models ().

Add the new parameter names and their corresponding LaTex representation to impedancefitter.utils.
get_labels ().

Write a unit test for the model.

Use the model.

2.4 API Reference

class impedancefitter.fitter.Fitter (inputformat, directory=None, **kwargs)

The main fitting object class. All files in the data directory with matching file ending are imported to be fitted.
Parameters

¢ inputformat (string) — The inputformat of the data files. Must be one of the formats spec-
ified in impedancefitter.utils.available file format (). Moreover, the
ending of the file must match the inputformat.

* directory (string, optional) — Path to data directory. Provide the data directory if the data
directory is not the current working directory.

* LogLevel ({'DEBUG’, ‘INFO’, ‘WARNING’}, optional) — choose level for logger. Case
DEBUG: the script will output plots after each fit, case INFO: the script will output results
from each fit to the console.

* excludeEnding (string, optional) — For file ending that should be ignored (if there are files
with the same ending as the chosen inputformat). Useful for instance, if there are files like
*_data.csv and *_result.csv around and only the first should be fitted.

* ending (string, optional) — When inputformat is TXT, an alternative file ending is possible.
The default is . TXT.

* minimumFrequency (float, optional) — If you want to use another frequency than the min-
imum frequency in the dataset.

» maximumFrequency (float, optional) — If you want to use another frequency than the max-
imum frequency in the dataset.

* data_sets (int, optional) — Use only a certain number of data sets instead of all in directory.

* current_threshold (float, optional) — Use only for data from E4980AL LCR meter to check
current. If the current is not close to the threshold, the data point will be neglected.

18
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voltage_threshold (float, optional) — Use only for data from E4980AL LCR meter to check
voltage. If the voltage is not close to the threshold, the data point will be neglected.

E4980AL_tolerance (float, optional) — Set tolerance for current_threshold and/or volt-
age_threshold.

write_output (bool, optional) — Decide if you want to dump output to file. Default is False

fileList (list of strings, optional) — provide a list of files that exclusively should be processed.
No other files will be processed. This option is particularly good if you have a common
fileending of your data (e.g., .csv)

show (bool, optional) — Decide if you want to see the plots during the fitting procedure.
savefig (bool, optional) — Decide if you want to save the plots. Default is False.

trace_b (string, optional) — For TXT files, which contain more than one trace. The data
is only read in until t race_b is found. Default is None (then trace_b does not have any
effect).

skiprows_txt (int, optional) — Number of header rows inside a TXT file. Default is 1.

skiprows_trace (int, optional) — Lines between traces blocks in a TXT file. Default is None
(then skiprows_trace does not have any effect).

delimiter (str, optional) — Only for TXT and CSV files. If the TXT/CSV file is not tab-
separated, this can be specified here.

Variables

omega_dict (dict) — Contains frequency lists that were found in the individual files.
The keys are the file names, the values the frequencies.

Z_dict (dict)— Contains corresponding impedances. Note that the values might be lists
when there was more than one impedance data set in the file.

fit_data (dict) — Contains the fitting results for each individual file. In case of a se-
quential run, the dictionary contains two sub-dictionaries with keys modell and model2 and
the results.

fittedValues (Imfit.model.ModelResult) — The fitting result of the last data
set that was fitted. Exists only when run () was called.

fittedvValuesl (Imfit.model.ModelResult) — The fitting result of the last data
set that was fitted. Exists only when sequential_run () was called and corresponds to
the first model in this run.

fittedValues2 (Imfit.model.ModelResult) — The fitting result of the last data
set that was fitted. Exists only when sequential run () was called and corresponds to
the second model in this run.

cluster_ emcee_result (constant=100.0, show=False)
Apply clustering to eliminate low-probability samples.

Parameters

¢ constant (float) — The constant, which is used to define the threshold from which on
walkers are eliminated.

* show (bool, optional) — Plot clustering result.

2.4. API Reference
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Notes

The clustering approach described in [Hou2012] is implemented in this function. The walkers are sorted by
probability and subsequently the difference between adjacent walker probabilities A; is evaluated. Then
the average difference between the current and the first walkeri (A]—) is evaluated. Both differences are
compared and a threshold is defined:

A > constant - A

When this inequality becomes true, all walkers with k£ > j are thrown away.

References
emcee_conf_interval (result)
Compute emcee confidence intervals.

The 1o to 30 confidence intervals are computed for a fitting result generated by emcee since this case is
not covered by the original LMFIT implementation.

Parameters result (1mfit.model.ModelResult)— Result from fit.
Returns

Dictionary containing limits of confidence intervals for all free parameters. The limits are
structured in a list with 7 items, which are ordered as follows:

1. lower limit of 30 confidence interval.
lower limit of 20 confidence interval.
lower limit of 1o confidence interval.
median.

upper limit of 1o confidence interval.

A

upper limit of 20 confidence interval.
7. upper limit of 30 confidence interval.
Return type dict

emcee_report ()
Reports acceptance fraction and autocorrelation times.

initialize_model (modelname, log=False, eps=False)
Interface to LMFIT model class.

The equivalent circuit (represented as a string) is parsed and a LMFIT Model is returned. This can be
useful if one wants to compute the impedance values for a given model and use it in a different context.

Parameters

* modelname (string) — Provide equivalent circuit model to be parsed.

* log (bool) — Decide, if logscale is used for the model.

* diel (bool) — Convert to complex permittivity and fit this instead of impedance.
Returns model — The resulting LMFIT model.

Return type 1mfit.model.Model
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linkk_test (capacitance=False, inductance=False, c=0.85, maxM=100, show=True, limits=[- 2, 2],
weighting="modulus')
Lin-KK test to check Kramers-Kronig validity.

Parameters
* capacitance (bool, optional) — Add extra capacitance to circuit.
¢ inductance (bool, optional) — Add extra inductance to circuit.

* ¢ (double, optional) — Set threshold for algorithm as described in [Schoenleber2014]. Must
be between 0 and 1.

* maxM (int, optional) — Maximum number of RC elements. Default is 100.
* show (bool) — Show plots of test result. Default is True.
* limits (list, optional) — Lower and upper limit of residual.

» weighting (“modulus” or None) — Apply modulus weighting (as in [Schoenleber2014])
or process unweighted data.

Returns
* results (dict) — Values of Lin-KK test for each file.
* mus (dict) — All mu values during Lin-KK run for each file.

* residuals (dict) — Least-squares residuals during Lin-KK run for each file.

Notes

The implementation of the algorithm follows [Schoenleber2014] closely.

If the option savefig is generally enabled, the plot result of the LinKK-Test will be saved to a pdf-file.

References

plot_initial_ best_fit (sequential=False, save=False, show=True)
Plot initial and best fit together.
This method reveals how good the initial fit was.

Parameters sequential (bool, optional) — If a sequential_run () was performed, set this
value to True.

plot_uncertainty_ interval (sigma=1, sequential=False)
Plot uncertainty interval around best fit.

Parameters
 sigma ({1, 2, 3}, optional) — Choose sigma for confidence interval.
* sequential (bool, optional) — Set to True if you performed a sequential run before.

prepare_emcee_run (leastsquaresresult, Insigma={'max': 0.6931471805599453, 'min': -
6.907755278982137, 'value': - 2.3025850929940455), nwalkers=100,
radius=0.0001, weighted=False, burn=500, steps=10000.0, thin=10,

fix_parameters=[])
Prepare initial configuration based on previous least squares run.

Parameters

24,
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* leastsquaresresult (Ilmfit.ModelResult) — Result of previous least squares run on
same model. Basically the initial setting. Could also stem from a previous MCMC run.

* Insigma (dict) — Value of initial guess for experimental uncertainty.
¢ nwalkers (int) — Number of walkers.

* radius (float) — Radius of ball around initial guess.

burn (int) — Number of steps to be removed from MCMC chain in burn-in phase.

steps (int) — Length of MCMC chain.

thin (inr) — Take only every thin-th step into account.

weighted (bool) — If False, Insigma will be used.

« fix_parameters (/ist) — Tell emcee to fix certain parameters to their least squares result.

Notes

The result from a previous least squares run is taking and the emcee run is prepared. The walkers are
created and their initial positions are assigned. The initial positions are placed in a tight Gaussian ball
around the least squares guess. Their radius can be set manually. Important parameters for the MCMC
chains are set.

Returns dictionary, which can be passed to run method via solver_kwargs keyword.
Return type dict

process_data_from file (filename, model, parameters, residual="parts’, limits_residual=None,

weighting_model=False)
Fit data from input file to model.

Wrapper for LMFIT fitting routine.
Parameters

« filename (str) — Filename, which is contained in the data dictionaries omega_dict and
z_dict.

e model (Imfit.model.Model or Imfit.model.CompositeModel)—The model
to fit to.

e parameters (lmfit.parameter.Parameters)— The model parameters to be used.

* residual (str) — Plot relative difference w.r.t. real and imaginary part if parts. Plot relative
difference w.r.t. absolute value if absolute. Plot difference (residual) if diff.

« limits_residual (/ist, optional) — List with entries [bottom, top] for y-axis of residual plot.
Returns Result of fitas 1mfit .model.ModelResult object.
Return type Imfit.model.ModelResult

run (modelname,  solver=None, parameters=None, solver_kwargs={}, log=False, weight-
ing=None, show=False, report=False, savemodelresult=True, eps=False, residual="'parts’,

limits_residual=None, weighting_model=False)
Main function that iterates through all data sets provided.

Parameters

* modelname (string) — Name of the model to be parsed. Must be built by those provided in
impedancefitter.utils.available _models () and using + and parallel(x,
y) as possible representations of series or parallel circuit.
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sequential_

solver (string, optional) — Choose an optimizer. Must be available in LMFIT. Default is
least_squares

parameters (dict, optional) — Provide parameters if you do not want to read them from a
yaml file (for instance in parallel UQ runs).

solver_kwargs (dict, optional) — Customize the employed solver. Interface to the LMFIT
routine.

weighting (str, optional) — Choose a weighting scheme. Default is unit weighting. Also
possible: proportional and modulus weighting. See [Barsoukov2018] and [Orazem2017]
for more information. Moreover, weighted least squares is possible. This should only
be chosen if the data can be averaged. The average data will be fitted and the standard
deviation is used for the weights. The keyword for this is WLS. In this case, you need to
provide weights.

savemodelresult (bool, optional) — Saves all 1mfit .model.ModelResult instances
to plot or evaluate uncertainty later.

residual (s7r) — Plot relative difference w.r.t. real and imaginary part if parts. Plot relative
difference w.r.t. absolute value if absolute. Plot difference (residual) if diff.

limits_residual (list, optional) — List with entries [bottom, top] for y-axis of residual plot.

run (modell, model2, communicate, solver=None, solver_kwargs={}, parame-
ters1=None, parameters2=None, weighting=None)

Main function that iterates through all data sets provided.

Here, two models are fitted sequentially and fitted parameters can be communicated from one model to the

other.

Parameters

modell (string) — Name of first model. Must be built by those provided in
impedancefitter.utils.available _models () and using + and parallel(x,
y) as possible representations of series or parallel circuit

model2 (string) — Name of second model. Must be built by those provided in
impedancefitter.utils.available models () and using + and parallel(x,
y) as possible representations of series or parallel circuit

communicate (/ist of strings) — Names of parameters that should be communicated from
modell to model2. Requires that model2 contains a parameter that is named appropriately.

solver (string, optional) — choose an optimizer. Must be available in LMFIT. Default is
least_squares

solver_kwargs (dict, optional) — Customize the employed solver. Interface to the LMFIT
routine.

parametersl (dict, optional) — Parameters of modell. Provide parameters if you do not
want to use a yaml file.

parameters2 (dict, optional) — Parameters of model2. Provide parameters if you do not
want to use a yaml file.

weighting (st;, optional) — Choose a weighting scheme. Default is unit weighting. Also
possible: proportional weighting. See [Barsoukov2018] for more information.

visualize_data (savefig=False, Zlog=False, allinone=False, plottype='"impedance’, show=True,

legend=True)

Visualize impedance data.

Parameters

2.4. API Reference
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savefig (bool, optional) — Decide if plots should be saved as pdf. Default is False. Saves
the file as filename + index of dataset + _impedance_overview.pdf. If allinone is True, then
it is allinone_impedance_overview.pdyf.

Zlog (bool, optional) — Plot impedance on logscale.
show (bool, optional) — Decide if you want to immediately see the plot.
allinone (bool, optional) — Visualize all data sets in one plot

plottype (str, optional) — Choose between standard impedance plot (‘impedance’), resis-
tance / capacitance (“RC”) and bode plot (‘bode’).

legend (st7; optional) — Choose if a legend should be shown. Recommended to switch to
False when using large datasets.
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CHAPTER
THREE

STATISTICAL ANALYSIS

To analyse the fit results when the data set is rather large, there exists an interface to OpenTurns. It can generate
histograms or find the best distribution to describe a certain fit parameter of the data set.

3.1 API Reference

class impedancefitter.postprocess.PostProcess (fitresult=None, yamlfile=False)
This class provides the possibility to statistically analyse the fitted data.

Parameters
e fitresult (dict) — Result of the fit.

* yamlfile (bool) — Provide the link to a file from which you want to read the results.

Notes

Provide either fitresult or yamlfile.

best_model_bic (parameter, distributions, showQQ=False)
Test, which distribution models your data best based on the Bayesian information criterion.

Parameters
* parameter (string) — Parameter, whose distribution is to be found.

* distributions (/isr) — List with strings describing valid OpenTURNS distributions such as
[ ‘Normal’, ‘Uniform’]

Returns
e openturns.Distribution
* float

best_model_chisquared (parameter, distributions, showQQ=False)
Test, which distribution models your data best based on the chisquared test.

Parameters
e parameter (string) — Parameter, whose distribution is to be found.

* distributions (/ist) — List with strings describing valid OpenTURNS distributions such as
[ ‘Normal’, ‘Uniform’]

Returns

e openturns.Distribution
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* openturns.TestResult

best_model_kolmogorov (parameter, distributions, showQQ=False)
Test, which distribution models your data best based on the kolmogorov test.

Parameters
e parameter (string) — Parameter, whose distribution is to be found.

e distributions (/ist) — List with strings describing valid OpenTURNS distributions such as
[ ‘Normal’, ‘Uniform’]

Returns
e openturns.Distribution
* openturns.TestResult
See also:
openturns.FittingTest_BestModelKolmogorov ()

best_model_lilliefors (parameter, distributions, showQQ=False)
Test, which distribution models your data best based on the Lilliefors test.

Parameters
e parameter (string) — Parameter, whose distribution is to be found.

* distributions (/ist) — List with strings describing valid OpenTURNS distributions such as
[ ‘Normal’, ‘Uniform’]

Returns
e openturns.Distribution
e openturns.TestResult
See also:
openturns.FittingTest_BestModelLilliefors|()

fit_to_histogram_distribution (parameter, showQQ=False)
Generate histogram from results.

Parameters parameter (string) — Parameter, whose distribution is to be found.
Returns
Return type openturns.Distribution

fit_to_normal_distribution (parameter, showQQ=False)
Fit results for to normal distribution.

Parameters

e parameter (string) — Parameter, whose distribution is to be found.

e showQQ (bool, optional) — Decide if you want to check the fit visually
Returns
Return type openturns.Distribution

plot_histograms (savefig=False, show=True)
Plot histograms for all determined parameters.

Parameters
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* savefig (bool, optional) — Set to True if you want to save the figure histograms.pdf.

* show (bool, optional) — Switch on or off if figures is shown.

Notes

Fails if values are too close to each other, i.e. the variance is very small.
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CHAPTER
FOUR

CIRCUIT ELEMENTS

The following elements are available. Since prefixes are possible, each element is referred to as by a special name.
The elements’ parameters are called as in the original function. This is the concept of LMFIT.

4.1 Names for building the model

Name | Corresponding function

R impedancefitter.elements.Z_R()

C impedancefitter.elements.Z_C()

L impedancefitter.elements.Z_L()

\W% impedancefitter.elements.Z_w/()

Wo impedancefitter.elements.Z_wo ()

Ws impedancefitter.elements.Z_ws ()
Cstray | impedancefitter.elements.Z_stray()

4.2 API reference

impedancefitter.elements.Z_C (omega, C)
Capacitor impedance

Parameters
* omega (numpy . ndarray) — List of frequencies.
* C (double) — capacitance of capacitor

Returns Impedance array

Return type numpy .ndarray, complex

impedancefitter.elements.Z_CPE (omega, k, alpha)
CPE impedance

Zcpe = k(jw) ™

Parameters
* omega (numpy .ndarray) — List of frequencies.
* k (double) — CPE factor
* alpha (double) — CPE phase

29


https://numpy.org/doc/stable/reference/generated/numpy.ndarray.html#numpy.ndarray
https://numpy.org/doc/stable/reference/generated/numpy.ndarray.html#numpy.ndarray
https://numpy.org/doc/stable/reference/generated/numpy.ndarray.html#numpy.ndarray

ImpedanceFitter Documentation, Release 2.0.3

Returns Impedance array
Return type numpy .ndarray, complex

impedancefitter.elements.Z_L (omega, L)
Impedance of an inductor.

Parameters
* omega (numpy .ndarray) — List of frequencies.
e L (double) — inductance

Returns Impedance array

Return type numpy .ndarray, complex

impedancefitter.elements.Z_R (omega, R)
Create array for a resistor.

Parameters
* omega (numpy .ndarray) — List of frequencies.
* R (double) — Resistance.

Returns Impedance array

Return type numpy.ndarray, complex

impedancefitter.elements.Z_stray (omega, Cs)
Stray capacitance in pF

Parameters

* omega (numpy . ndarray) — List of frequencies.

* Cs (double) — Stray capacitance, for numerical reasons in pF.
Returns Impedance array
Return type numpy.ndarray, complex

impedancefitter.elements.Z_w (omega, Aw)
Warburg element

Zw = AW%
Parameters
* omega (numpy . ndarray) — List of frequencies.
* Aw (double) — Warburg coefficient
Returns Impedance array

Return type numpy.ndarray, complex

impedancefitter.elements.Z_wo (omega, Aw, B)
Warburg open element

Parameters
* omega (numpy .ndarray) — List of frequencies.
* Aw (double) — Warburg coefficient
* B (double) — Second coefficient
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Returns Impedance array

Return type numpy .ndarray, complex

Notes

This element is also referred to as finite-length Warburg element with reflective boundary [Barsoukov2018].

Here, the formulation
Aw
Iy = - -
tanh (B\/jw) Viw

is implemented.

impedancefitter.elements.Z_ws (omega, Aw, B)
Warburg short element

Parameters
* omega (numpy .ndarray) — List of frequencies.
* Aw (double) — Warburg coefficient
* B (double) — Second coefficient

Returns Impedance array

Return type numpy .ndarray, complex

Notes

This element is also referred to as finite-length Warburg element with transmissive boundary [Barsoukov2018].

Here, the formulation

P tanh (B/jw)
R/
is implemented.

impedancefitter.elements.eps (ZI, make_eps)
Return complex permittivity for LMFIT

Parameters
* 71 (numpy . ndarray, complex) — Impedance 1 (model fit)

* make_eps (numpy.ndarray, complex) — Output of function impedancefitter.
utils.make_eps()

impedancefitter.elements.log (ZI, dummy)
Return logarithm of impedance for LMFIT

Parameters
e 71 (numpy .ndarray, complex) — Impedance 1 (model fit)

e dummy (numpy . ndarray, complex) — Array full of ones, such that np.log10(dummy) is
Zero.

impedancefitter.elements.parallel (ZI,Z2)
Return values of parallel circuit.

Parameters

4.2. API reference
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* 71 (numpy .ndarray, complex) — Impedance 1
e 72 (numpy .ndarray, complex) — Impedance 2
Returns Impedance array

Return type numpy.ndarray, complex
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CHAPTER
FIVE

CIRCUITS

There exist a few predefined circuits that were implemented based on published papers. Usually, those circuits are
rather complex and cannot be built by the existing elements or feature parameters in certain ranges or units that are
not consistent with the generally chosen unit set.

5.1 Names for building the model

To build your equivalent circuit model, choose a model from the following list. The function, which tells you the
parameter names for the respective model is linked to each model.

Name Corresponding function

ColeCole impedancefitter.cole_cole.cole_cole_model ()

ColeCole2 impedancefitter.cole_cole.cole_cole 2 model ()

ColeCole2tissue impedancefitter.cole_cole.cole _cole_ 2tissue_model ()

ColeCole3 impedancefitter.cole_cole.cole_cole_ 3 model ()

ColeCole4 impedancefitter.cole_cole.cole_cole_4_model ()

ColeColeR impedancefitter.cole_cole.cole_cole R model ()

Randles impedancefitter.randles.Z_randles ()

RandlesCPE impedancefitter.randles.Z_randles_CPE ()

DRC impedancefitter.RC.drc_model ()

RCfull impedancefitter.RC.RC_model ()

RC impedancefitter.RC.rc_model ()

RCtau impedancefitter.RC.rc_tau_model ()

ParticleSuspension impedancefitter.particle suspension.particle _model ()
ParticleSuspensionBH impedancefitter.particle_suspension.particle_model_bh ()
SingleShell impedancefitter.single shell.single_shell_ _model ()
SingleShellBH impedancefitter.single shell.single_shell bh _model ()
SingleShellWall impedancefitter.single shell_wall.single_shell wall_model ()
SingleShellWallBH impedancefitter.single_shell_wall.single_shell_wall_bh _model ()
DoubleShell impedancefitter.double shell.double_shell_model ()
DoubleShellBH impedancefitter.double_shell.double_shell_bh_model ()
DoubleShellWall impedancefitter.double shell_wall.double_shell wall_model ()
DoubleShellWallBH impedancefitter.double_shell_wall.double_shell_wall_bh _model ()
CPE impedancefitter.cpe.cpe_model ()

CPECT impedancefitter.cpe.cpe_ct_model ()

CPECTW impedancefitter.cpe.cpe_ct_w_model ()

CPETissue impedancefitter.cpe.cpetissue_model ()

CPECTTissue impedancefitter.cpe.cpe_ct_tissue_model ()

continues on next page
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Table 1 — continued from previous page

Name Corresponding function

CPEonset impedancefitter.cpe.cpe_onset_model ()

LR impedancefitter.loss.Z_in()

LCR impedancefitter.loss.Z_1loss ()

HavriliakNegami impedancefitter.cole cole.havriliak negami ()
HavriliakNegamiTissue | impedancefitter.cole_cole.havriliak negamitissue ()

5.2 Cole-Cole circuits

impedancefitter.cole_cole.cole_cole_2_model (omega, c0, epsinf, depsl, deps2, taul, tau2,
al, a2, sigma)
Standard 2-Cole-Cole impedance model.

Parameters
* omega (numpy .ndarray, double) — list of frequencies
* ¢0 (double) — value for unit capacitance, in pF
* epsinf (double) — value for €,
* depsl (double) — value for Ae,
* deps2 (double) — value for Aeq
* deps3 (double) — value for Aes
* taul (double) — value for 7, in ps
e tau2 (double) — value for 75, in ns
 al (double) — value for 1 — a; = a
e a2 (double) — value for 1 — as = a
* sigma (double) — conductivity value
Returns Impedance array

Return type numpy .ndarray, complex

Notes

The original model has been described in [Gabriel 1996]. Here, two instead of four dispersions are used.

impedancefitter.cole_cole.cole_cole_2tissue_model (omega, c0, epsinf, depsl, deps2,
taul, tau2, al, a2, sigma)
2-Cole-Cole impedance model for tissues.

Parameters
* omega (numpy .ndarray, double) — list of frequencies
* ¢0 (double) — value for unit capacitance, in pF
* epsinf (double) — value for e,

depsl (double) — value for Ae; - 103

deps2 (double) — value for Aes - 10°
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taul (double) — value for 71, in us

tau2 (double) — value for 75, in ms

al (double) — value for 1 — ay = a

a2 (double) — value for 1 — as = a
 sigma (double) — conductivity value
Returns Impedance array

Return type numpy .ndarray, complex

Notes

The original model has been described in [Gabriel 1996]. Here, two instead of four dispersions are used.

impedancefitter.cole_cole.cole_cole_3_model (omega, c0, epsinf, depsl, deps2, deps3, taul,
tau2, tau3, al, a2, a3, sigma)
Standard 3-Cole-Cole impedance model.

Parameters
* omega (numpy .ndarray, double) — list of frequencies
* ¢0 (double) — value for unit capacitance, in pF
* epsinf (double) — value for €,
* depsl (double) — value for Aey
* deps2 (double) — value for Ae,
¢ deps3 (double) — value for Aes
e taul (double) — value for 71, in ps
e tau2 (double) — value for 15, in ns
e tau3 (double) — value for 73, in us
e al (double) —value for1 — a1 = a
e a2 (double) —value for1 — as = a
e a3 (double) — value for 1 — a3 = a
* sigma (double) — conductivity value
Returns Impedance array

Return type numpy.ndarray, complex

Notes

The original model has been described in [Gabriel 1996]. Here, three instead of four dispersions are used.

impedancefitter.cole_cole.cole_cole_4_model (omega, c0, epsinf, depsl, deps2, deps3,
deps4, taul, tau2, tau3, taud, al, a2, a3, a4,
sigma)
Standard 4-Cole-Cole impedance model.

Parameters

* omega (numpy . ndarray, double) — list of frequencies
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* ¢0 (double) — value for unit capacitance, in pF

* epsinf (double) — value for e,

* depsl (double) — value for Aey

* deps2 (double) — value for Ae,

¢ deps3 (double) — value for Aes

* deps4 (double) — value for Aey

* taul (double) — value for 7, in ps

e tau2 (double) — value for 75, in ns

e tau3 (double) — value for 73, in us

e taud (double) — value for 74, in ms

e al (double) — value for 1 — a1 = a

e a2 (double) — value for1 — as = a

e a3 (double) —value for1 — a3z = a

e a4 (double) — value for 1 — oy = a

* sigma (double) — conductivity value
Returns Impedance array

Return type numpy.ndarray, complex

Notes

The original model has been described in [Gabriel 1996].

References
impedancefitter.cole_cole.cole_cole_R_model (omega, Rinf, RO, tau, a)
Standard Cole-Cole circuit for macroscopic quantities.
See for example [Schwan1957] for more information.
Parameters
* omega (numpy . ndarray, double) — list of frequencies
e Rinf (double) — value for R,
* RO (double) — value for R
e tau (double) — value for 7, in ns
e a (double) —value forl —a =a
Returns Impedance array

Return type numpy .ndarray, complex
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Notes

Equation for calculations:

Ry — R

Zcole = Roo + ——F—~
Cole + 1+ (]wT)“

Warning: The time constant tau is in ns!

References

impedancefitter.cole_cole.cole_cole_model (omega, c0, epsl, tau, a, sigma, epsinf’)

Cole-Cole model for dielectric properties.

The model was implemented as presented in [Sabuncu2012]. You need to provide the unit capacitance of your
device to get the dielectric properties of the Cole-Cole model.

Parameters

omega (numpy . ndarray, double) — list of frequencies
¢0 (double) — value for cg, unit capacitance in pF

epsinf (double) — value for ¢,

epsl (double) — value for ¢;

tau (double) — value for 7, in ns

sigma (double) — value for oq.

a (double) —value for1 —a = a

Returns Impedance array

Return type numpy .ndarray, complex

Notes

Warning: The unit capacitance is in pF! The time constant tau is in ns!

Equations for calculations:

e =¢ €l — € _jadc
14 (jwr)e weg

1
Z = -
Je*wey

5.2. Cole-Cole circuits
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References

impedancefitter.cole_cole.havriliak_negami (omega, c0, epsinf, deps, tau, a, beta, sigma)

Havriliak-Negami relaxation.

Parameters
* omega (numpy .ndarray, double) — list of frequencies
* ¢0 (double) — value for cg, unit capacitance in pF
* epsinf (double) — value for ¢,
* deps (double) — value for Ae
 tau (double) — value for 7, in ns
 sigma (double) — value for oq.
e a (double) —valueforl —a =a
* beta (double) — value for 3

Returns Impedance array

Return type numpy .ndarray, complex

Notes

Warning: The unit capacitance is in pF! The time constant tau is in ns!

Equations for calculations:

% Ace jO’DC
€ =Ext - 7
(14 (jowr)®)”  weo
_ 1
 je*weg

)

impedancefitter.cole_cole.havriliak_negamitissue (omega, c0, epsinf, deps, tau, a, beta,

sigma)
Havriliak-Negami relaxation.

Parameters
* omega (numpy . ndarray, double) — list of frequencies
* ¢0 (double) — value for ¢, unit capacitance in pF
* epsinf (double) — value for €,
* deps (double) — value for Ae
* tau (double) — value for 7, in us
* sigma (double) — value for o4
e a (double) —valueforl —a =a
* beta (double) — value for 3
Returns Impedance array

Return type numpy.ndarray, complex
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Notes

Warning: The unit capacitance is in pF! The time constant tau is in ps!

Equations for calculations:

e — e + Ae _ Jopc
- <00 ?
(1+ Gur))”  weo
1
Z=-
Je*weg

impedancefitter.cole_cole.raicu (omega, c0, epsinf, deps, tau, alpha, beta, gamma, sigma)
Raicu relaxation.

Parameters
* omega (numpy .ndarray, double) — list of frequencies
* ¢0 (double) — value for ¢, unit capacitance in pF
* epsinf (double) — value for ¢,
* deps (double) — value for Ae
* tau (double) — value for 7, in s
* sigma (double) — value for o4
* a (double) — value for
« beta (double) — value for 3
* gamma (double) — value for ~y
Returns Impedance array

Return type numpy.ndarray, complex

Notes

Model was described in [Raicul999].

Warning: The unit capacitance is in pF! The time constant tau is in ps!

Equations for calculations:

« Ae jJDC
€ =€t — 1 - )
[(Gwr)* + (jwr)'=P))7  weo
1
Z = -
Je*wey

Note that f. = 27 /7. The formulation using fc has for example been used in [Stoneman2007].
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References
5.3 Particle suspension model

impedancefitter.particle_suspension.particle_bh_model (omega, ep, kp, kmed, emed, p,

c0)
Single particle in Bruggeman-Hanai suspension model

Parameters

* omega (numpy . ndarray, double) — list of frequencies

¢0 (double) — value for cy, unit capacitance in pF

ep (double) — particle permittivity, value for g,

kp (double) — particle conductivity, value for o, in uS/m

* emed (double) — medium permittivity, value for €,6q

kmed (double) — medium conductivity, value for op,eq
* p (double) — volume fraction
Returns Impedance array

Return type numpy.ndarray, complex

Notes

Warning: The unit capacitance is in pF! The particle conductivity is in uF/m!

impedancefitter.particle_suspension.particle_model (omega, ep, kp, kmed, emed, p, cO)
Single particle in suspension model

Parameters

* omega (numpy .ndarray, double) — list of frequencies

c0 (double) — value for cy, unit capacitance in pF

ep (double) — particle permittivity, value for e,

kp (double) — particle conductivity, value for o}, in 4S/m

emed (double) — medium permittivity, value for €04
* kmed (double) — medium conductivity, value for opeq
* p (double) — volume fraction

Returns Impedance array

Return type numpy .ndarray, complex
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Notes

Warning: The unit capacitance is in pF! The particle conductivity is in uF/m!

5.4 Single-Shell model

impedancefitter.single_shell.eps_cell_single_shell (omega, km, em, kcp, ecp, dm, Rc)
Complex permittivity of single shell model

Parameters
* omega (numpy . ndarray, double) — list of frequencies
* em (double) — membrane permittivity, value for ey,
* km (double) — membrane conductivity, value for o,
* ecp (double) — cytoplasm permittivity, value for e,
* kep (double) — cytoplasm conductivity, value for o,
¢ dm (double) — membrane thickness, value for d,,,
¢ Rc (double) — cell radius, value for R,
Returns Complex permittivity array
Return type numpy.ndarray, complex

impedancefitter.single_shell.single_shell_bh_model (omega, km, em, kcp, ecp, kmed,

emed, p, c0, dm, Rc)
Impedance of single shell model using Bruggeman-Hanai approach

Parameters
* omega (numpy . ndarray, double) — list of frequencies
* ¢0 (double) — value for ¢, unit capacitance in pF
* em (double) — membrane permittivity, value for €y,
* km (double) — membrane conductivity, value for oy, in uS/m
* ecp (double) — cytoplasm permittivity, value for e,
* kep (double) — cytoplasm conductivity, value for o,
* emed (double) — medium permittivity, value for €,6q
* kmed (double) — medium conductivity, value for op,eq
* p (double) — volume fraction
e dm (double) — membrane thickness, value for d,,
* Rc (double) — cell radius, value for R,
Returns Impedance array

Return type numpy.ndarray, complex
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Notes

Warning: The unit capacitance is in pF!

See also:
impedancefitter.single shell.single shell_ _model ()

impedancefitter.single_shell.single_shell_model (omega, km, em, kcp, ecp, kmed, emed,

p, 0, dm, Rc)
Impedance of single shell model

Parameters
* omega (numpy . ndarray, double) — list of frequencies
* ¢0 (double) — value for ¢, unit capacitance in pF
* em (double) — membrane permittivity, value for €,
* km (double) — membrane conductivity, value for oy, in ©S/m
* ecp (double) — cytoplasm permittivity, value for e,
* kep (double) — cytoplasm conductivity, value for o,
* emed (double) — medium permittivity, value for €,6q
* kmed (double) — medium conductivity, value for opeq
* p (double) — volume fraction
e dm (double) — membrane thickness, value for d,,
* Rc (double) — cell radius, value for R,
Returns Impedance array

Return type numpy .ndarray, complex

Notes

Warning: The unit capacitance is in pF!

Equations for the single-shell-model [Feldman2003]:

da\*
”1‘<1R>
C

Ocp
oW

2(1 — Vl) + (1 + 2V1)E1

Ecp = Ecp —J

exqy=en
cell m (2+V1)+(1—V1)E1
g
€m
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References

See also:

* * * *
of g (26fed t Ecen) — 2P(Eped — Ecen)
sus — “med * * * *
(2€med + ecell) + p(amed - 8cell)
1
L=
JE€susWCo

impedancefitter.double _shell.double_shell_model ()

impedancefitter.single_shell_wall.eps_cell_single_shell_wall (omega, km,

kep, ecp, kw,
dm, Rc, dw)

Single shell model with cell wall

Parameters

omega (numpy . ndarray, double) — list of frequencies
em (double) — membrane permittivity, value for €,

km (double) — membrane conductivity, value for oy,

ecp (double) — cytoplasm permittivity, value for e,

kep (double) — cytoplasm conductivity, value for oy,

ew (double) — cell wall permittivity, value for €,

kw (double) — cell wall conductivity, value for oy,

dm (double) — membrane thickness, value for d,,

Rc (double) — cell radius, value for R,

dw (double) — cell wall thickness, value for R,

Returns Complex permittivity array

Return type numpy .ndarray, complex

em,

ew,

Note: Asami, K. (2002). Characterization of biological cells by dielectric spectroscopy. Journal of Non-
Crystalline Solids, 305(1-3), 268-277. https://doi.org/10.1016/S0022-3093(02)01110-9

impedancefitter.single_shell_wall.single_shell_wall_bh_model (omega, km,

kep, ecp, kw,

em,

ew,

kmed, emed, p, cO,

dm, Rc, dw)

Impedance of single shell model using Bruggeman-Hanai approach

Parameters

omega (numpy . ndarray, double) — list of frequencies

¢0 (double) — value for cg, unit capacitance in pF

em (double) — membrane permittivity, value for e,

km (double) — membrane conductivity, value for oy, in ©S/m
ecp (double) — cytoplasm permittivity, value for e,

kep (double) — cytoplasm conductivity, value for o,

5.4. Single-Shell model
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* ew (double) — cell wall permittivity, value for €,

* kw (double) — cell wall conductivity, value for oy,

* emed (double) — medium permittivity, value for £,,0q

* kmed (double) — medium conductivity, value for opeq

* p (double) — volume fraction

e dm (double) — membrane thickness, value for d,,

* Rc (double) — cell radius, value for R,

e dw (double) — cell wall thickness, value for d,
Returns Impedance array

Return type numpy.ndarray, complex

Notes

Warning: The unit capacitance is in pF! The membrane conductivity is in uS/m!

See also:
impedancefitter.single_shell.single_shell wall_model ()

impedancefitter.single_shell_wall.single_shell_wall_model (omega, km, em, kcp,
ecp, kw, ew, kmed,
emed, p, c0, dm, Rc,

dw)
Impedance of single shell model

Parameters
* omega (numpy . ndarray, double) — list of frequencies
* ¢0 (double) — value for ¢, unit capacitance in pF
* em (double) — membrane permittivity, value for €y,
* km (double) — membrane conductivity, value for oy, in ©S/m
* ecp (double) — cytoplasm permittivity, value for e,
* kep (double) — cytoplasm conductivity, value for o,
* ew (double) — cell wall permittivity, value for e,
* kw (double) — cell wall conductivity, value for oy,
* emed (double) — medium permittivity, value for £,,0q
* kmed (double) — medium conductivity, value for opyeq
* p (double) — volume fraction
* dm (double) — membrane thickness, value for d,,
¢ Rc (double) — cell radius, value for R,
e dw (double) — cell wall thickness, value for d,

Returns Impedance array
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Return type numpy.ndarray, complex

Notes

Warning: The unit capacitance is in pF! The membrane conductivity is in uS/m!

See also:

impedancefitter.single_shell.single_shell_wall_model ()

5.5 Double-Shell model

impedancefitter.double_shell.double_shell_bh_model (omega, km, em, kcp, ecp, ene, kne,

knp, enp, kmed, emed, p, c0, dm,
Rc, dn, Rn)

Impedance of double shell model

Parameters

omega (numpy . ndarray, double) — list of frequencies

¢0 (double) — value for cy, unit capacitance in pF

em (double) — membrane permittivity,membrane permittivity, value for &,
km (double) — membrane conductivity, value for oy, in uS/m

ecp (double) — cytoplasm permittivity, value for e,

kep (double) — cytoplasm conductivity, value for oy,

ene (double) — nuclear envelope permittivity, value for e,

kne (double) — nuclear envelope conductivity, value for oy, in mS/m
enp (double) — nucleoplasm permittivity, value for e,

knp (double) — nucleoplasm conductivity, value for oy,

emed (double) — medium permittivity, value for £,,0q

kmed (double) — medium conductivity, value for opeq

p (double) — volume fraction

dm (double) — membrane thickness, value for d,,

Rc (double) — cell radius, value for R,

dn (double) — nuclear envelope thickness, value for d,,

Rn (double) — nucleus radius, value for R,

Returns Impedance array

Return type numpy .ndarray, complex
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Notes

Warning: The unit capacitance is in pF!

Note that here the Bruggeman-Hanai formula is used.

See also:

impedancefitter.double shell.double shell_model ()

impedancefitter.double_shell.double_shell_model (omega, km, em, kcp, ecp, ene, kne, knp,
enp, kmed, emed, p, cO, dm, Rc, dn,

Rn)

Impedance of double shell model

Parameters

omega (numpy . ndarray, double) — list of frequencies

c0 (double) — value for cy, unit capacitance in pF

em (double) — membrane permittivity,membrane permittivity, value for ey,
km (double) — membrane conductivity, value for oy, in uS/m

ecp (double) — cytoplasm permittivity, value for e,

kep (double) — cytoplasm conductivity, value for o,

ene (double) — nuclear envelope permittivity, value for €,

kne (double) — nuclear envelope conductivity, value for o, in mS/m
enp (double) — nucleoplasm permittivity, value for €,

knp (double) — nucleoplasm conductivity, value for oy,

emed (double) — medium permittivity, value for £,,0q

kmed (double) — medium conductivity, value for opyeq

p (double) — volume fraction

dm (double) — membrane thickness, value for d,,

Rc (double) — cell radius, value for R,

dn (double) — nuclear envelope thickness, value for d,,

Rn (double) — nucleus radius, value for R,

Returns Impedance array

Return type numpy .ndarray, complex
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Notes

Warning: The unit capacitance is in pF!

Equations for the single-shell-model [Feldman2003]:

3
(-8)
Ry

5* - 6* 2(1 — 1/1) —+ (1 —+ 21/1)E1
¢ Tm 2+V1)+(1—V1)E1
B = 2 2(1 —v2) + (1 +21) Ey
! 2+ 1)+ (1 — o)
B, — 5;8 2(1 — Vg) + (1 + 2V3)E3
’ (2+vs) + (1 - 1) By

5
Es =
Ei‘ie
Om
Em =€m — J—
oW
g
Ecp - Ecp - ]552
. One
Ene Ene j
Eow
_ _ +%1p
€np = Enp 0w

« « 2(1 —V1)+(1+2V1)E1

€cell = €m (2 ¥ Vl) ¥ (1 _ Vl)El
et —g* J (2€:ned + ‘S:ell) — 2p(5:ned _ 6:e11)
o P (26 pmea + Eren) + P(Emea — Even)
1
A
jESUBWCO

In [Ermolina2000] , there have been reported upper/lower limits for certain parameters. They could act as a first
guess for the bounds of the optimization method.
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Parameter | lower limit | upper limit
€m 1.4 16.8
Om 8e-8 5.6e-5
Ecp 60 77

Ocp 0.033 1.1

€ne 6.8 100
One 8.3e-5 Te-3
Enp 32 300
Onp 0.25 2.2

R 3.5e-6 10.5e-6
R, 2.95e-6 8.85e-6
d 3.5¢-9 10.5¢-9
dy 2e-8 6e-8

See also:

impedancefitter.single shell.single_shell_model ()

impedancefitter.double_shell.eps_cell_double_shell (omega, km, em, kcp, ecp, kne, ene,
knp, enp, dm, Rc, dn, Rn)

Complex permittivity of double shell model

Parameters

* omega (numpy .ndarray, double) — list of frequencies value for ¢y, unit capacitance in

pF

* em (double) — membrane permittivity,membrane permittivity, value for €,

* km (double) — membrane conductivity, value for oy, in ©S/m
* ecp (double) — cytoplasm permittivity, value for e,
* kep (double) — cytoplasm conductivity, value for o,

* ene (double) — nuclear envelope permittivity, value for €,

* kne (double) — nuclear envelope conductivity, value for oy, in mS/m

* enp (double) — nucleoplasm permittivity, value for €,
* knp (double) — nucleoplasm conductivity, value for o,
e dm (double) — membrane thickness, value for d,,,
* Rc (double) — cell radius, value for R,
* dn (double) — nuclear envelope thickness, value for d,,
* Rn (double) — nucleus radius, value for R,

Returns Permittivity array

Return type numpy .ndarray, complex

impedancefitter.double_shell_wall.double_shell_wall_bh_model (omega, km, em,

Impedance of double shell model with cell wall using Bruggeman-Hanai approach

kep, ecp, kne, ene,
knp, enp, kw, ew,
kmed, emed, p, cO,
dm, Rc, dn, Rn,
dw)
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Parameters
* omega (numpy .ndarray, double) — list of frequencies
* ¢0 (double) — value for cg, unit capacitance in pF
* em (double) — membrane permittivity, membrane permittivity, value for ey,
* km (double) — membrane conductivity, value for oy, in uS/m
* ecp (double) — cytoplasm permittivity, value for e,
* kep (double) — cytoplasm conductivity, value for o,
* ene (double) — nuclear envelope permittivity, value for €,
* kne (double) — nuclear envelope conductivity, value for o, in mS/m
* kw (double) — cell wall conductivity, value for oy, in S/m
* ew (double) — cell wall permittivity, value for ey,
* enp (double) — nucleoplasm permittivity, value for ey,
* knp (double) — nucleoplasm conductivity, value for o,
* emed (double) — medium permittivity, value for £,6q
* kmed (double) — medium conductivity, value for opeq
* p (double) — volume fraction
e dm (double) — membrane thickness, value for d,,,
* Rc (double) — cell radius, value for R,
* dn (double) — nuclear envelope thickness, value for d,,
* Rn (double) — nucleus radius, value for R,
* dw (double) — wall thickness
Returns Impedance array

Return type numpy .ndarray, complex

Notes

Warning: The unit capacitance is in pF!

Note that here the Bruggeman-Hanai formula is used.
See also:
impedancefitter.double shell.double_shell_model ()

impedancefitter.double_shell_wall.double_shell_wall_model (omega, km, em, kcp,
ecp, kne, ene, knp, enp,
kw, ew, kmed, emed, p,

c0, dm, Rc, dn, Rn, dw)
Impedance of double shell model with cell wall

Parameters

* omega (numpy .ndarray, double) — list of frequencies

5.5. Double-Shell model
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* ¢0 (double) — value for cy, unit capacitance in pF

* em (double) — membrane permittivity,membrane permittivity, value for €,

* km (double) — membrane conductivity, value for oy, in puS/m
* ecp (double) — cytoplasm permittivity, value for e,
* kep (double) — cytoplasm conductivity, value for o,

* ene (double) — nuclear envelope permittivity, value for €,

* kne (double) — nuclear envelope conductivity, value for oy, in mS/m

* enp (double) — nucleoplasm permittivity, value for ey,
* knp (double) — nucleoplasm conductivity, value for o,
* kw (double) — cell wall conductivity, value for oy, in S/m
* ew (double) — cell wall permittivity, value for ey,
* emed (double) — medium permittivity, value for £,,6q
* kmed (double) — medium conductivity, value for oyeq
* p (double) — volume fraction
¢ dm (double) — membrane thickness, value for d,,,
¢ Rc (double) — cell radius, value for R,
* dn (double) — nuclear envelope thickness, value for d,
* Rn (double) — nucleus radius, value for R,
e dw (double) — cell wall thickness

Returns Impedance array

Return type numpy .ndarray, complex

Notes

Warning: The unit capacitance is in pF!

impedancefitter.double_shell_wall.eps_cell_double_shell_wall (omega, km, em,

Complex permittivity of double shell model with cell wall
Parameters
* omega (numpy . ndarray, double) — list of frequencies
* em (double) — membrane permittivity, value for €,

* km (double) — membrane conductivity, value for o,

ecp (double) — cytoplasm permittivity, value for e,

kep (double) — cytoplasm conductivity, value for o,

kep, ecp, kne, ene,
knp, enp, kw, ew,
dm, Rc, dn, Rn,
dw)
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ew (double) — cell wall permittivity, value for €,

kw (double) — cell wall conductivity, value for oy,

dm (double) — membrane thickness, value for d,,

Re (double) — cell radius, value for R,

dw (double) — cell wall thickness, value for d,
Returns Complex permittivity array

Return type numpy .ndarray, complex

Note: Asami, K. (2002). Characterization of biological cells by dielectric spectroscopy. Journal of Non-
Crystalline Solids, 305(1-3), 268-277. https://doi.org/10.1016/S0022-3093(02)01110-9

5.6 Inductance circuits

impedancefitter.loss.Z_in (omega, L, R)
Lead inductance of wires connecting DUT.

Described for instance in [Kordzadeh2016].
Parameters
* omega (numpy .ndarray) — List of frequencies.
* L (double) — inductance
* R (double) — resistance
Returns Impedance array

Return type numpy .ndarray, complex

References
Notes

As mentioned in [Kordzadeh2016], the unit of the inductance is nH.

impedancefitter.loss.Z_loss (omega, L, C,R)
Impedance for high loss materials, where LCR are in parallel.

Described for instance in [Kordzadeh2016].
Parameters
* omega (numpy . ndarray) — List of frequencies.
e L (double) — inductance
* C (double) — capacitance
* R (double) — resistance
Returns Impedance array

Return type numpy .ndarray, complex
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Notes

As mentioned in [Kordzadeh2016], the unit of the capacitance is pF and the unit of the inductance is nH.

impedancefitter.loss.Z_skin (omega, L, Rb, gamma)
Lead inductance of wires connecting DUT considering skin effect.

Parameters

* omega (numpy .ndarray) — List of frequencies.

e L (double) — inductance

* Rb (double) — resistance of wire, about mOhm

* gamma (double) — exponent (should be about 0.5 probably)
Returns Impedance array

Return type numpy.ndarray, complex

References
Notes

Described for instance in [Levitskaya2000]. The idea is to take frequency-dependent resistance.

The unit of the inductance is nH. The wire resistance is about mOhm. The impedance is computed by
Z = Ryw" + jwL

Note that the frequency omega in this formula is in MHz.

5.7 CPE circuits

impedancefitter.cpe.cpe_ct_model (omega, k, alpha, Rct)
Constant Phase Element in parallel with charge transfer resistance.

Parameters
* omega (numpy .ndarray) — List of frequencies.
¢ Kk (double) — CPE factor
* alpha (double) — CPE phase
* Rct (double) — charge transfer resistance
Returns Impedance array
Return type numpy.ndarray, complex
See also:
impedancefitter.cpe.cpe_model ()

impedancefitter.cpe.cpe_ct_tissue_model (omega, k, alpha, Rct)
Constant Phase Element in parallel with charge transfer resistance.

Parameters

* omega (numpy .ndarray) — List of frequencies.
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* k (double) — CPE factor
* alpha (double) — CPE phase
* Rct (double) — charge transfer resistance
Returns Impedance array
Return type numpy .ndarray, complex
See also:

impedancefitter.cpe.cpe_model ()

impedancefitter.cpe.cpe_ct_w_model (omega, k, alpha, Rct, Aw)

Constant Phase Element in parallel with charge transfer resistance, which is in series with Warburg element.

Parameters
* omega (numpy . ndarray) — List of frequencies.
¢ Kk (double) — CPE factor
* alpha (double) — CPE phase
* Rect (double) — charge transfer resistance
* Aw (double) — Warburg coefficient
Returns Impedance array

Return type numpy .ndarray, complex

See also:

impedancefitter.cpe.cpe_model ()
impedancefitter.cpe.cpe_model (omega, k, alpha)

Constant Phase Element.

Zepr = k(jw) ™

Parameters
* omega (numpy . ndarray) — List of frequencies.
¢ Kk (double) — CPE factor
* alpha (double) — CPE phase

Returns Impedance array

Return type numpy.ndarray, complex

impedancefitter.cpe.cpe_onset_model (omega, f0, nu, Z0)
Alternative Constant Phase Element Formulation.

5.7. CPE circuits
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Notes

w7
ZCPE:ZO( %ﬁ))

See for example [Ishai2012].
Parameters
* omega (numpy .ndarray) — List of frequencies.
* k (double) — CPE factor
* alpha (double) — CPE phase
Returns Impedance array

Return type numpy .ndarray, complex

References

impedancefitter.cpe.cpetissue_model (omega, k, alpha)
Constant Phase Element.

Zcpe = k(jw) ™

Parameters
* omega (numpy .ndarray) — List of frequencies.
* k (double) — CPE factor
* alpha (double) — CPE phase

Returns Impedance array

Return type numpy.ndarray, complex

5.8 RC circuits

impedancefitter.RC.RC_model (omega, Rd, Cd)
Simple RC model, resistor in parallel with capacitor.

Parameters
* omega (numpy .ndarray, double) — list of frequencies
* Rd (double) — Resistance.
* Cd (double) — Capacitance
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Notes

Warning: Cd is in pF!

Returns Impedance array
Return type numpy .ndarray, complex
impedancefitter.RC.drc_model (omega, RE, tauFE, alpha, beta)
Distributed RC circuit.
Parameters
* omega (numpy . ndarray, double) — list of frequencies
* RE (double) — resistance
e tauk (double) — relaxation time, in ns
* alpha (double) — Cole-Cole exponent
* beta (double) — DRC exponent, beta = 1 equals Cole-Cole model
Returns Impedance array

Return type numpy.ndarray, complex

Notes

Described for example in [Emmert2011].

Warning: The time constant tauE is in ns!

References
impedancefitter.RC.rc_model (omega, c0, kdc, eps)
Simple RC model to obtain dielectric properties.
Parameters
* omega (numpy .ndarray, double) — list of frequencies
* ¢0 (double) — unit capacitance in pF
* eps (double) — relative permittivity
* kdc (double) — conductivity
Returns Impedance array

Return type numpy.ndarray, complex

5.8. RC circuits
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Notes

Warning: CO is in pF!

impedancefitter.RC.rc_tau_model (omega, Rk, tauk)
Compute RC model without explicit capacitance.

Parameters
* omega (numpy .ndarray, double) — list of frequencies
* RK (double) — resistance

* tauk (double) — relaxation time

Notes

Returns Impedance array

Return type numpy .ndarray, complex

Notes

Used for example in the Lin-KK test [Schoenleber2014].

The impedance reads

14 jwne

5.9 Randles circuits

impedancefitter.randles.Z_randles (omega, Rct, Rs, Aw, CO)
Randles circuit.

Parameters
* omega (numpy .ndarray, double) — list of frequencies
* Rct (double) — Resistance in series with Warburg element, e.g. charge transfer resistance
* Rs (double) — Resistance of the DUT, e.g. electrolyte resistance
* Aw (double) — Warburg coefficient
* CO0 (double) — capacitance
Returns Impedance array

Return type numpy.ndarray, complex
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Notes

Function holding the Randles equation with capacitor in parallel to resistor in series with Warburg element and
another resistor in series.

Equations for calculations:

Impedance of resistor and Warburg element:

1—J
Zrw = Ry + Aw——

RW 0+ Aw NG

Impedance of capacitor:
Ze = (jwCo) ™

ZcZrw
Zgt = Rs + —F——
fie Zco + Zrw

impedancefitter.randles.Z_randles_CPE (omega, Rct, Rs, Aw, k, alpha)
Randles circuit with CPE instead of capacitor.

Parameters

* omega (numpy . ndarray, double) — list of frequencies

Rect (double) — Resistance in series with Warburg element, e.g. charge transfer resistance

Rs (double) — Resistance of the DUT, e.g. electrolyte resistance

Aw (double) — Warburg coefficient
k (double) — CPE coefficient
alpha (double) — CPE exponent

Returns Impedance array
Return type numpy.ndarray, complex
See also:

Z_randles (), impedancefitter.elements.Z_CPE()
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CHAPTER
SIX

UTILITITES

impedancefitter.utils.KK_integral_transform (omega, Z)
Kramers-Kronig integral transform.

Parameters
* omega (numpy .ndarray, double) — frequency array
e Z (numpy .ndarray, complex) — impedance array
Returns The transformed impedance array.

Return type numpy .ndarray, complex

Notes

Implementation following [Urquidi1990]

impedancefitter.utils.available_file_format ()
List available file formats.

Currently available:
XLSX and CSV:

The file is structured like: frequency, real part of impedance, imaginary part of impedance. There may be many
different sets of impedance data, i.e. there may be more columns with the real and the imaginary part. Then, the
frequencies column must not be repeated. In fact, the number of columns equals the number of impedance data
sets plus one (for the frequency).

Note: A single header line is needed in a CSV and XLSX file. It may contain for example frequency, Real Part,
Imag Part. Otherwise the read-in function will fail.

CSV_E4980AL:

Read in data that is structured in 5 columns: frequency, real part, imaginary part of the impedance, voltage,
current

Note: There is always only one data set in a file.

TXT:

These files contain frequency, real and imaginary part of the impedance (i.e., 3 columns). The TXT files may
contain two traces; only one of them is read in. For TXT files you can specify the number of rows to skip.
Moreover, the file ending is not strictly enforced here.

59


https://numpy.org/doc/stable/reference/generated/numpy.ndarray.html#numpy.ndarray
https://numpy.org/doc/stable/reference/generated/numpy.ndarray.html#numpy.ndarray
https://numpy.org/doc/stable/reference/generated/numpy.ndarray.html#numpy.ndarray

ImpedanceFitter Documentation, Release 2.0.3

See also:
impedancefitter.fitter.Fitter

impedancefitter.utils.available_models ()
Return list of available models

impedancefitter.utils.check_parameters (bufdict)
Check parameters for physical correctness.

Parameters bufdict (dict) — Contains all parameters and their values

Notes

All parameters are forced to be greater or equal zero. There are only two exceptions.

impedancefitter.utils.convert_diel_properties_to_impedance (omega, eps_r, sigma,
c0)
Return impedance from dielectric properties.

Parameters
* omega (numpy . ndarray, double) — frequency array
e eps_r (numpy .ndarray, double) — relative permittivity
* sigma (numpy .ndarray, double) — conductivity in S/m
* ¢0 (double) — unit capacitance of device

Returns impedance array

Return type numpy .ndarray, complex

Notes

Use that the impedance is

Z = (jWE:CO)_la

where ¢} is the relative complex permittivity (see for instance [Grant1958] for further explanation). Note that
the vacuum permittivity € is contained in cg.

In the function, the variable epsc describes the term

wey

impedancefitter.utils.draw_scheme (modelname, show=True, save=False)
Show (and save) SchemDraw drawing.

Parameters
* modelname (str) — String representation of the equivalent circuit.
* show (bool, optional) — Show scheme in matplotlib window.
* save (bool, optional) — Save scheme to file. File is called scheme.svg.

impedancefitter.utils.get_equivalent_circuit_model (modelname, logscale=False,
diel=False)
Get LMFIT CompositeModel.

Parameters
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* modelname (str) — String representation of the equivalent circuit.

* logscale (bool) — Convert to logscale.

* diel (bool) — Convert to complex permittivity and fit this instead of impedance.
Returns the final model of the entire circuit

Return type 1mfit.model.CompositeModel or Imfit.model.Model

Notes

The parser is based on Pyparsing. It is sensitive towards extra ( or ) or +. Thus, keep the circuit simple.

impedancefitter.utils.get_labels (params)
return the labels for every parameter in LaTex code.

Parameters params (list of string) — list with parameters names (possible prefixes included)
Returns labels — dictionary with parameter names as keys and LaTex code as values.
Return type dict

impedancefitter.utils.return_diel_properties (omega, Z, c0)
Return relative permittivity and conductivity from impedance spectrum in cavity with known unit capacitance.

Notes

Use that the impedance is
Z = (jweico) ™,
where €7 is the relative complex permittivity (see for instance [Grant1958] for further explanation). Note that
the vacuum permittivity ¢ is contained in cy.
When the unit capacitance ¢ of the device is known, a direct mapping from impedance to relative complex
permittivity is possible:
: _ €
e = (jwZco) ™t = —
€0

The unit capacitance (or air capacitance) of the device is defined as

_ oA
- d

for a parallel-plate capacitor with electrode area A and spacing d but can also be measured in a calibration step.

Co

The relative permittivity is the real part of ¢ and the conductivity is the negative imaginary part times the
frequency and the vacuum permittivity.

Parameters
* omega (numpy .ndarray, double) — frequency array
e Z (numpy .ndarray, complex) — impedance array
* ¢0 (double) — unit capacitance of device
Returns
e eps_r (numpy .ndarray, double) — relative permittivity

* conductivity (numpy . ndarray, double) — conductivity in S/m
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References

impedancefitter.utils.return_dielectric_modulus (omega, Z, c0)
Return dielectric modulus

Notes

The dielectric modulus is M = 1/e¥. See [Bordi2001] for further explanation.
Parameters
* omega (numpy . ndarray, double) — frequency array
* Z (numpy .ndarray, complex) — impedance array
* ¢0 (double) — unit capacitance of device
Returns
* ReM (numpy .ndarray, double) — real part of modulus

* ImM (numpy .ndarray, double) — imaginary part of modulus

References

impedancefitter.utils.save_impedance (omega, impedance, format="CSV', file-

name='"impedance')
Save impedance to CSV or XLSX file.

Parameters
* omega (numpy . ndarray, double) — frequency array
* impedance (numpy . ndarray, complex) — impedance array

 format (szr) — use either CSV or XLSX format. Based on the format, the correct ending is
chosen.

* filename (str) — specify a filename (without ending!). the default is impedance.csv or
impedance.xIsx

impedancefitter.utils.set_parameters (model, parameterdict=None, emcee=False, weight-
ing_model=False)

Parameters
* model (Imfit.model.Model)— The LMFIT model used for fitting.

» parameterdict (dict, optional) — A dictionary containing parameters for model with min,
max, vary info for LMFIT. If it is None (default), the parameters are read in from a yaml-file.

* emcee (bool, optional) — if emcee is used, an additional __Insigma parameter will be set

» weighting_model (bool, optional) — if a weighting model is used, the variance will be fit as
well

Returns params — LMFIT Parameters object.
Return type 1mfit.parameter.Parameters

impedancefitter.FRABode2impedance .bode_csv_to_impedance (filename, devicename,

R_device=1000000.0)
Convert Bode output (Attenuation and phase) to Impedance and save as CSV.
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Parameters
* filename (string) — relative path to csv file with Bode info
* devicename (string) — devicename, currently only MokuGo and R&S are supported
* R_device (floar) — Input impedance of the device. Default is 1 MegOhm.
Returns
* numpy .ndarray, — Frequency as omega (2*pi*f)
e numpy .ndarray, complex — Impedance array

impedancefitter.FRABode2impedance .bode_to_impedance (frequency, attenuation, phase,

R_device=1000000.0)
Bode diagram (Attenuation and phase) to Impedance calculator

Parameters
* frequency (numpy . ndarray)— Measurement frequencies
* attenuation (numpy .ndarray) — Attenuation array
e phase (numpy .ndarray) — Phase array
* R_device (float) — Input impedance of the FRA
Returns
* numpy .ndarray, — Frequency as omega (2*pi*f)

* numpy .ndarray, complex — Impedance array

Notes

TBD: explain conversion formula

impedancefitter.FRABode2impedance.readBode (filename, devicename)
CSV to Bode Plot Parser

Parameters
* filename (string) — relative path to csv file
* devicename (string) — devicename to determine specialised functions
 output (Bode Plot)

o format (Frequency, Gain_chl, Phase_chl, Gain_ch2, Phase_ch2, optional: [Gain_Ratio,
Phase_Ratio])

Notes

This function was tested for a MokuGo (Liquid Instruments) and an Rohde & Schwarz oscilloscope RTB2004

impedancefitter.FRABode2impedance . readBodeMoku (filename)
specialised function to generate appropriate format from MokuGo-csv files

Parameters filename (string) — relative path to csv file
Returns
* numpy .ndarray — Frequency

e numpy .ndarray — Attenuation

63


https://numpy.org/doc/stable/reference/generated/numpy.ndarray.html#numpy.ndarray
https://numpy.org/doc/stable/reference/generated/numpy.ndarray.html#numpy.ndarray
https://numpy.org/doc/stable/reference/generated/numpy.ndarray.html#numpy.ndarray
https://numpy.org/doc/stable/reference/generated/numpy.ndarray.html#numpy.ndarray
https://numpy.org/doc/stable/reference/generated/numpy.ndarray.html#numpy.ndarray
https://numpy.org/doc/stable/reference/generated/numpy.ndarray.html#numpy.ndarray
https://numpy.org/doc/stable/reference/generated/numpy.ndarray.html#numpy.ndarray
https://numpy.org/doc/stable/reference/generated/numpy.ndarray.html#numpy.ndarray
https://numpy.org/doc/stable/reference/generated/numpy.ndarray.html#numpy.ndarray

ImpedanceFitter Documentation, Release 2.0.3

* numpy .ndarray — Phase

impedancefitter.FRABode2impedance.readBodeRus (filename)
special funtion to generate appr. format from Rohde and Schwarz csv-files

Parameters filename (string) — relative path to csv file
Returns

* numpy .ndarray — Frequency

* numpy .ndarray — Attenuation

e numpy .ndarray — Phase

Notes

TODO: R&S saves gain, needs the absolute value maybe.

impedancefitter.FRABode2impedance.wrapPhase (phase)
wraps the phase to -90deg to 90deg TODO: maybe there is a python function for this

impedancefitter.suspensionmodels.bh_eps_model (epsi_med, epsi_p, p)
Complex permittvitiy of double shell model by Bruggeman-Hanai approach

Parameters
* epsi_med (numpy . ndarray, complex) — Complex permittivity array of medium
e epsi_p (numpy .ndarray, complex) — Complex permittivity array of suspended particles
* p (double) — volume fraction

Returns Complex permittivity array

Return type numpy .ndarray, complex

Notes

The implementation follows [Cottet2019]. Note that the approach here might not be numerically as accurate
as the cubic equation solver (impedancefitter. suspensionmodels.bhcubic_eps_model ()).In
the respective unit test, the deviation is below 1%, though.

References

See also:
impedancefitter.suspensionmodels.bhcubic_eps_model ()

impedancefitter.suspensionmodels.bhcubic_eps_model (epsi_med, epsi_p, p)
Complex permittvitiy of concentrated suspension model by Bruggeman-Hanai approach

Parameters
* epsi_med (numpy . ndarray, complex) — Complex permittivity array of medium
* epsi_p (numpy . ndarray, complex) — Complex permittivity array of suspended particles
* p (double) — volume fraction

Returns Complex permittivity array

Return type numpy .ndarray, complex
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Notes

*
sus

x % * 1/3
Esus ~ €p (€med> -1
* = p,

% *
€med €p Esus

The complex permittivity of the suspension €7, is given by [Hanai1979]

with e} 4 being the permittivity of the liquid medium and ¢ the permittivity of the suspended particle (e.g.,
cells).

Cubing the equation yields a cubic equation. The cubic roots (three in total) are the possible solutions for the
complex permittivity of the suspension. Only one of them is physical, which can be found by substituting the
cubic roots into another function [Hanail979].

A numerical solution is implemented in impedancefitter.suspensionmodels.bh_eps_model ()
References

See also:

impedancefitter.suspensionmodels.bh_eps_model ()

impedancefitter.suspensionmodels.eps_sus_MW (epsi_med, epsi_p, p)

Maxwell-Wagner mixture model for dilute suspensions
Parameters
e epsi_med (numpy . ndarray, complex) — complex permittivities of medium

e epsi_p (numpy .ndarray, complex) — complex permittivities of suspension phase (cells,
particles...)

* p (double) — volume fraction
Returns Complex permittivity array

Return type numpy .ndarray, complex

Notes
The complex permittivity of the suspension €7, is given by
x (261*;1ed + 6;) - 2p(€1*ned - 6;)
€sus — €med ’

(QE:ned + 6;) + p(grned - 5;)

with e} 4 being the permittivity of the liquid medium and ¢ the permittivity of the suspended particle (e.g.,
cells).

impedancefitter.cubic_roots.get_cubic_roots (a,b,c)

Get the roots of a cubic equation.
Parameters
* a (complex) — polynomial coefficient
* b (complex) — polynomial coefficient
* ¢ (complex) — polynomial coefficient
Returns Complex permittivity array

Return type numpy.ndarray, complex
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Notes
Return the roots of an expression
P 4a? +bz+c=0

More details can be found in [Press2007].

References
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CHAPTER
SEVEN

PLOTTING

7.1 API Reference

impedancefitter.plotting.emcee_plot (res, clustered=False, **corner_kwargs)
Create corner plot.

Parameters

res (dict) — Dictionary containing values and flatchain

» corner_kwargs (dict, optional) — Dictionary with further corner plot options

impedancefitter.plotting.plot_admittance (omega, Z, title=", Z_fit=None, show=True,

save=False, Z_comp=None, labels=['Data’,
'‘Best  fit/, 'nit  fit'], residual="parts’,
sign=False, Zlog=False, append=False,

limits_residual=None, omega_fit=None,
omega_comp=None, legend=True, com-
pare=True)

Plot the admittance and compare it to data 1/Z.

Generates 4 subplots showing the real and imaginary parts over the frequency; a Nyquist plot of real and negative
imaginary part and the relative differences of real and imaginary part as well as absolute value of admittance.

Parameters

omega (numpy . ndarray, double) — Frequency array

Z (numpy .ndarray, complex) — Impedance array, experimental data or data to compare
to.

Z_fit (numpy .ndarray, complex) — Impedance array, fit result. If provided, the differ-
ence between data and fit will be shown.

title (szr) — Title of plot.
show (bool, optional) — Show figure (default is True).

save (bool, optional) — Save figure to pdf (default is False). Name of figure starts with title
and ends with _admittance_overview.pdf.

Z_comp (numpy.ndarray, complex, optional) — Complex-valued impedance array.
Might be used to compare the properties of two data sets.

labels (/ist) — List of labels for three plots. Must have length 3 always. Is ordered like: [Z,
Z_fit, Z_comp]

residual (str) — Plot relative difference w.r.t. real and imaginary part if parts. Plot relative
difference w.r.t. absolute value if absolute. Plot difference (residual) if diff.
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sign (bool, optional) — Use sign of residual. Default is False, i.e. absolute value is plotted.
Zlog (bool, optional) — Log-scale of impedance
append (bool, optional) — Decide if you want to show plot or add line to existing plot.

omega_fit (numpy . ndarray, double, optional) — Frequency array, provide only if fitted
impedance was evaluated at different frequencies than the experimental data

omega_comp (numpy .ndarray, double, optional) — Frequency array, provide only if
fitted impedance was evaluated at different frequencies than the experimental data

legend (str; optional) — Choose if a legend should be shown. Recommended to switch to
False when using large datasets.

compare (bool, optional) — Choose if the difference between fit and data should be com-
puted.

impedancefitter.plotting.plot_bode (omega, Z, title=", Z_fit=None, show=True, save=False,

Z_comp=None, labels=['Data’, 'Best fit\, 'Init fit'], ap-
pend=False, legend=True)

Bode plot of impedance.

Plots phase and log of magnitude over log of frequency.

Parameters

omega (numpy . ndarray, double) — Frequency array

Z (numpy .ndarray, complex) — Impedance array, experimental data or data to compare
to.

Z_fit (numpy .ndarray, complex) — Impedance array, fit result. If provided, the differ-
ence between data and fit will be shown.

title (szr) — Title of plot.
show (bool, optional) — Show figure (default is True).
save (bool, optional) — Save figure to pdf (default is False). Name of figure starts with title.

Z_comp (numpy.ndarray, complex, optional) — Complex-valued impedance array.
Might be used to compare the properties of two data sets.

labels (list) — List of labels for three plots. Must have length 3 always. Is ordered like: [Z,
Z_fit, Z_comp]

save (bool, optional) — save figure to pdf (default is False). Name of figure starts with title
and ends with _bode_plot.pdf.

append (bool, optional) — Decide if you want to show plot or add line to existing plot.

legend (str; optional) — Choose if a legend should be shown. Recommended to switch to
False when using large datasets.

impedancefitter.plotting.plot_cole_cole (omega, Z, c0, Z_comp=None, append=False,

legend=True, markers=[None, None], title=",
show=True, save=False, labels=None, lim-
its=None)

Parameters

omega (numpy . ndarray, double) — frequency array
Z (numpy .ndarray, complex) — impedance array

¢0 (double) — unit capacitance of device
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Z_comp (numpy.ndarray, complex, optional) — complex-valued impedance array.
Might be used to compare the properties of two data sets.

title (str; optional) — title of plot. Default is an empty string.
show (bool, optional) — show figure (default is True)

save (bool, optional) — save figure to pdf (default is False). Name of figure starts with title
and ends with _dielectric_properties.pdf.

logscale (str; optional) — Decide what you want to plot using log scale. Possible are permit-
tivity, conductivity and both

labels (/ist, optional) — Give custom labels. Needs to be a list of length 2.

impedancefitter.plotting.plot_compare_to_data (omega, Z, Z_fit, subplot=None, ti-

tle=", show=True, save=False, resid-
ual="parts', sign=False, limits=None,
impedance_threshold=1.0, legend=True)

plots the difference of the fitted function to the data

Parameters

omega (numpy . ndarray, double) — frequency array

Z (nunmpy .ndarray, complex) — impedance array, experimental data or data to compare
to

Z._fit (numpy . ndarray, complex) — impedance array, fit result

subplot (optional) — decide whether it is a new figure or a subplot. Default is None (yields
new figure). Otherwise it can be an integer to denote the subfigure.

title (str; optional) — title of plot. Default is an empty string.

show (bool, optional) — show figure (default is True). Only has an effect when subplot is
None.

save (bool, optional) — save figure to pdf (default is False). Name of figure starts with title
and ends with _relative_difference_to_data.pdf or _difference_to_data.pdyf.

relative (str, optional) — Plot relative difference if True, else plot residual (i.e. just differ-
ence).

sign (bool, optional) — Use sign of residual. Default is False, i.e. absolute value is plotted.

residual (str) — Plot relative difference w.r.t. real and imaginary part if parts. Plot relative
difference w.r.t. absolute value if absolute. Plot difference (residual) if diff.

limits (list, optional) — List with entries [bottom, top] for y-axis of residual plot.

impedance_threshold (double, optional) — Threshold for impedance around 0, which is
disregarded in the relative differences plot. Default is that impedances, with an absolute
value less than O are not considered.

legend (str; optional) — Choose if a legend should be shown. Recommended to switch to
False when using large datasets.

7.1. API Reference
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Notes

When computing the relative difference, impedances between -1 and 1 Ohm are not considered since they
might lead to a blow up of the relative difference (close to division by 0). Instead of this quantitative measure,
qualitative checks should be done.

impedancefitter.plotting.plot_complex permittivity (omega, Z, c0, Z_comp=None,

title=", show=True, save=Fulse,
logscale="permittivity’, la-
bels=None)

Parameters
* omega (numpy . ndarray, double) — frequency array
* Z (numpy .ndarray, complex) — impedance array
* ¢0 (double) — unit capacitance of device

* Z_comp (numpy.ndarray, complex, optional) — complex-valued impedance array.
Might be used to compare the properties of two data sets.

* title (st7; optional) — title of plot. Default is an empty string.
» show (bool, optional) — show figure (default is True)

* save (bool, optional) — save figure to pdf (default is False). Name of figure starts with title
and ends with _dielectric_properties.pdf.

* logscale (st7; optional) — Decide what you want to plot using log scale. Possible are permit-
tivity, loss and both

* labels (list, optional) — Give custom labels. Needs to be a list of length 2.

impedancefitter.plotting.plot_dielectric_dispersion (omega, Z, c0, Z_comp=None,
title="", show=True, save=Fulse,
logscale="permittivity’, la-
bels=None, **plotkwargs)

Parameters
* omega (numpy . ndarray, double) — frequency array
* Z (numpy .ndarray, complex) — impedance array
* ¢0 (double) — unit capacitance of device

* Z_comp (numpy.ndarray, complex, optional) — complex-valued impedance array.
Might be used to compare the properties of two data sets.

* title (str; optional) — title of plot. Default is an empty string.
» show (bool, optional) — show figure (default is True)

* save (bool, optional) — save figure to pdf (default is False). Name of figure starts with title
and ends with _dielectric_properties.pdf.

* logscale (str; optional) — Decide what you want to plot using log scale. Possible are permit-
tivity, conductivity and both

* labels (list, optional) — Give custom labels. Needs to be a list of length 2.

impedancefitter.plotting.plot_dielectric_modulus (omega, Z, c0, Z_comp=None, ti-
tle=", show=True, save=Fualse,
logscale=None, labels=None)
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Parameters

omega (numpy . ndarray, double) — frequency array
Z (numpy . ndarray, complex) — impedance array
¢0 (double) — unit capacitance of device

Z_comp (numpy.ndarray, complex, optional) — complex-valued impedance array.
Might be used to compare the properties of two data sets.

title (str, optional) — title of plot. Default is an empty string.
show (bool, optional) — show figure (default is True)

save (bool, optional) — save figure to pdf (default is False). Name of figure starts with title
and ends with _dielectric_properties.pdf.

logscale (str, optional) — Decide what you want to plot using log scale. Possible are ReM,
ImM and both

labels (list, optional) — Give custom labels. Needs to be a list of length 2.

impedancefitter.plotting.plot_dielectric_properties (omega, Z, c0, Z_comp=None,

title="", show=True, save=Fualse,
logscale="permittivity’', la-
bels=None, append=False,
markers=[None, None], leg-
end=True, limits=None, **plotk-
wargs)

Parameters

omega (numpy . ndarray, double) — frequency array
Z (numpy .ndarray, complex) — impedance array
¢0 (double) — unit capacitance of device

Z_comp (numpy.ndarray, complex, optional) — complex-valued impedance array.
Might be used to compare the properties of two data sets.

title (str, optional) — title of plot. Default is an empty string.
show (bool, optional) — show figure (default is True)

save (bool, optional) — save figure to pdf (default is False). Name of figure starts with title
and ends with _dielectric_properties.pdf.

logscale (st7; optional) — Decide what you want to plot using log scale. Possible are permit-
tivity, conductivity and both

labels (list, optional) — Give custom labels. Needs to be a list of length 2.
append (bool, optional) — Decide if you want to show plot or add line to existing plot.

legend (bool, optional) — Switch legend on/off

impedancefitter.plotting.plot_impedance (omega, Z, title=", Z_fit=None, show=True,

save=False, Z_comp=None, labels=['Data’,
‘Best fit', 'Init fit'], residual="parts’, sign=False,
Zlog=False, append=False, limits_residual=None,
omega_fit=None, omega_comp=None, leg-
end=True, compare=True)

Plot the result and compare it to data Z.
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Generates 4 subplots showing the real and imaginary parts over the frequency; a Nyquist plot of real and negative
imaginary part and the relative differences of real and imaginary part as well as absolute value of impedance.

Parameters
* omega (numpy . ndarray, double) — Frequency array

* Z (numpy .ndarray, complex) — Impedance array, experimental data or data to compare
to.

» Z_fit (numpy .ndarray, complex) — Impedance array, fit result. If provided, the differ-
ence between data and fit will be shown.

* title (str) — Title of plot.
* show (bool, optional) — Show figure (default is True).

* save (bool, optional) — Save figure to pdf (default is False). Name of figure starts with title
and ends with _impedance_overview.pdf.

* Z_comp (numpy.ndarray, complex, optional) — Complex-valued impedance array.
Might be used to compare the properties of two data sets.

* labels (/ist) — List of labels for three plots. Must have length 3 always. Is ordered like: [Z,
Z_fit, Z_comp]

* residual (str) — Plot relative difference w.r.t. real and imaginary part if parts. Plot relative
difference w.r.t. absolute value if absolute. Plot difference (residual) if diff.

* sign (bool, optional) — Use sign of residual. Default is False, i.e. absolute value is plotted.
* Zlog (bool, optional) — Log-scale of impedance
 append (bool, optional) — Decide if you want to show plot or add line to existing plot.

* omega_fit (numpy .ndarray, double, optional) — Frequency array, provide only if fitted
impedance was evaluated at different frequencies than the experimental data

* omega_comp (numpy .ndarray, double, optional) — Frequency array, provide only if
fitted impedance was evaluated at different frequencies than the experimental data

* legend (str, optional) — Choose if a legend should be shown. Recommended to switch to
False when using large datasets.

e compare (bool, optional) — Choose if the difference between fit and data should be com-
puted.

impedancefitter.plotting.plot_resistance_capacitance (omega, Z, title=", Z_fit=None,
show=True, save=Fualse,
Z_comp=None, labels=['Data’,
'‘Best fit', 'Init fit'], ap-
pend=False, legend=True)
R-C plot of impedance.

Plots phase and log of magnitude over log of frequency.
Parameters
* omega (numpy . ndarray, double) — Frequency array

* Z (numpy .ndarray, complex) — Impedance array, experimental data or data to compare
to.

o Z_fit (numpy .ndarray, complex) — Impedance array, fit result. If provided, the differ-
ence between data and fit will be shown.
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title (szr) — Title of plot.
show (bool, optional) — Show figure (default is True).
save (bool, optional) — Save figure to pdf (default is False). Name of figure starts with title.

Z_comp (numpy.ndarray, complex, optional) — Complex-valued impedance array.
Might be used to compare the properties of two data sets.

labels (/ist) — List of labels for three plots. Must have length 3 always. Is ordered like: [Z,
Z_fit, Z_comp]

save (bool, optional) — save figure to pdf (default is False). Name of figure starts with title
and ends with _bode_plot.pdf.

append (bool, optional) — Decide if you want to show plot or add line to existing plot.

legend (str; optional) — Choose if a legend should be shown. Recommended to switch to
False when using large datasets.

impedancefitter.plotting.plot_uncertainty (omega, Zdata, Z, Z1, Z2, sigma, show=True,

model=None)

Plot best fit with uncertainty interval.

Parameters

Zdata (numpy . ndarray, complex) — impedance array of experimental data
Z (numpy .ndarray, complex) — impedance array of best fit

Z1 (numpy .ndarray, complex) — impedance array of upper uncertainty limit
72 (numpy . ndarray, complex) — impedance array of lower uncertainty limit
sigma (double) — confidence level

show (bool, optional) — show figure (default is True)

model (int, optional) — numbering of model for sequential plotting
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CHAPTER
EIGHT

OVERVIEW

Impedance spectroscopy (IS) is a great tool to analyse the behaviour of an electrical circuit, to characterise the
response of a sample (e.g. biological tissue), to determine the dielectric properties of a sample, and much more
[Barsoukov2018], [Orazem2017].

In IS, often (complex) non-linear least squares is used for parameter estimation of equivalent circuit models. Impedanc-
eFitter is a software that facilitates parameter estimation for arbitrary equivalent circuit models. The equivalent circuit
may comprise different standard elements or other models that have been formulated in the context of impedance
spectroscopy. The unknown parameters are found by fitting the model to experimental impedance data. The under-
lying fitting software is LMFIT [Newville2019], which offers an interface to different optimization and curve-fitting
methods going beyond standard least-squares. ImpedanceFitter allows one to build a custom equivalent circuit, fit an
arbitrary amount of data sets and perform statistical analysis of the results using OpenTurns [Baudin2017].
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CHAPTER
NINE

Install the package either using pip

QUICKSTART

’pip install impedancefitter

or from source

’pip install .

Then continue with the Examples.
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CHAPTER
TEN

INDICES AND TABLES

* genindex
¢ modindex

¢ search
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