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Programmable dynamically changing RC model for evaluation of 
Dynamic EIS methods and instrumentation 

 
 

Abstract. The paper concerns the RC equivalent circuit of electrochemical cell with the impedance changed during the experiment. The model was 
constructed using the digital potentiometers controlled by the microcontroller. This solution allows to control the model impedance by the software 
means. By creating adequate changes of the impedance spectrum as a time function, the different impedance measurement method can be tested 
to find out the the limitation of each method as well as to test the instrumentation. 
 
Streszczenie. Przedmiotem artykułu jest model układu elektrochemicznego, którego impedancja jest zmieniana w czasie w sposób kontrolowany 
programowo. Do konstrukcji modelu wykorzystano potencjometry cyfrowe sterowane mikrokontrolerem. Odpowiednie ukształtowanie zmian widm 
impedancyjnych w funkcji czasu (impedancjogramów) pozwala na ustalenie ograniczeń różnych metod pomiaru impedancji. (Programowalny 
model RC o zmiennych parametrach do badania metod dynamicznej spektroskopii impedancyjnej). 
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Introduction 
Impedance spectroscopy [1] is a commonly used 

diagnostic and research tool in many areas of science and 
technique, it means in electrochemistry [2], materials 
engineering [3], anti-corrosion protection [4], biochemistry 
[5] and medicine [6] and many others. Impedance 
spectroscopy consists of two phases: first – measurement 
one – impedance characteristic (spectrum) of the tested 
object is acquired as a function of the frequency (Fig. 1a), 
second – analytical one – the state of the object can be 
determined  either directly on the basis of the impedance 
spectrum or on the basis of the model parameters identified 
thanks to the measured impedance spectrum of the object 
under test. 

For classical impedance spectrum measurement 
technique it is necessary to assume stationary or quasi-
stationary condition – it is required that the tested object 
state is not changing or at least is not changing during the 
experiment. The real-life objects, e.g. electrochemical cells, 
due to its nature, usually do not fulfill even quasi-stationarity 
condition. This leads to wide interest in methods allowing to 
monitor the impedance spectrum changes as a function of 
time [7-9]. The exemplary instantaneous impedance spectra 
are shown in Fig. 1b. The graph allows to visualize the 
impedance spectrum changes during the following stages of 
the tested object life. 

The graph axis marked with „serie” in Fig. 1b can be 
scalled using time units and the distances between 
respective spectra depends on the repetition time of the 
spectrum measurement. The impedance spectrum 
acquisition method has a meaningful influence on the 
minimal distance between respective spectra. If the 
impedance spectrum is measured using a classical 
impedance analyzer – step by step for each frequency in 
the spectrum – the measurement time will be extended 
significantly. Due to this fact, there is a need of methods 
allowing to shorten the measurement time [10], or even 
„one-shot” measurement methods making possible to 
acquire the whole impedance spectrum in a single step 
experiment, e.g. during the single excitation of the object 
using signal with the arbitrary designed shape. 

In the paper, Authors present the testing tool for such 
type methods – the object model with impedance spectrum 
changed during the experiment. The object changes are 
controlled by software, with the aid of digital potentiometers 
controlled by the microcontroller. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Fig. 1. Exemplary: a) impedance spectrum, b) instantaneous 
impedance spectra 
 
The object model with impedance spectrum changed 
during the experiment 

DS1267B-100 [11] integrated circuit was used for the 
model construction. The circuit contains two, independently 
controlled digital potentiometers. The potentiometer 
resistance value is programmed using 8-bit value and can 
be change in the range starting from ca. 1-2 k (defined in 
the circuit datasheet [11] as a „wiper resistance”) up to 
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100 k. The connection diagram of the object model 
(Baunier model) is shown in Fig. 2a. The resistors R2 and 
R3 are realized in a form of digital potentiometer 
components.  

The potentiometer integrated circuit is powered using +/-
 5 V voltage generated with isolated DC/DC converter from 
5 V obtained from USB. The potentiometer supply voltage 
limits the range of excitation signal amplitude for the tested 
object to the presented value. Usually, this is no problem as 
electrochemical objects require measurements with smaller 
than 100 mV excitation due to the object non-linearities. 

The microcontroller controls resistance change of the 
potentiometers by sending current settings using SPI 
interface isolated using MEMS isolators. 

The model has built-in several modes of operation 
presented in Table 1. The mode selection and the model 
parameters programming is performed by the user using 
PC software, which can communicate with the 
microcontroller via USB interface. 
 Depending on the selected mode of operation, it is 
possible to set the following parameters: 
- the repetitions number of the resistance change cycle, 
- the number of steps in a single cycle, 
- the duration time of the single step, 
- the repetition time of the cycle (if more than one), 
- the starting values (R2 START and R3 START) and the stop 
values(R2 STOP and R3 STOP) of each resistance, 
- the direction of each resistance change. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Object model with impedance varying in time: a) Equivalent 
circuit, b) the realization of the resistive components with the aid of 
digital potentiometer controlled by microcontroller 

 

 
Table 1. Working modes of the object model with impedance spectrum changed during the experiment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Exemplary usage of model with impedance changing in time: a) resistor parameters change in mode 3, b) resulting DEIS diagram 
 
 Figure 3a presents exemplary changes of the 
potentiometers resistance change for mode 3 and for the 
following set of parameters: R2 START = R3 START = 1 k, 

R2 STOP = R3 STOP = 100 k. Figure 3b presents the resulting 
instantaneous impedance spectra for the model presented 
in Fig. 2a and for parameters changing according to Fig. 3a. 

Mode Mode name Description
0 Linear change of R2 Change R2 START  R2 STOP, R3=const 
1 Linear change of R3 Change R3 START  R3 STOP, R2=const 
2 Linear change of R2 and R3 Change R2 START  R2 STOP and R3 START  R3 STOP  
3 Linear anti-change of R2 and R3 Change R2 START  R2 STOP and R3 STOP  R3 START 
4 Step change of R2 R2=R2 START at t=(0, tp2) and R2=R2 STOP at t=(tp2, tk2), R3=const 
5 Step change of R3 R3=R3 START at t=(0, tp3) and R3=R3 STOP at t=(tp3, tk3), R2=const 
6 Step change of R2  and R3 R2=R2 START at t=(0, tp2) and R2=R2 STOP at t=(tp2, tk2) 

R3=R3 START at t=(0, tp3) and R3=R3 STOP at t=(tp3, tk3) 
7 Arbitrary change of R2 R2(tn)=R2 LIST[n], R3=const 
8 Arbitrary change of R3 R3(tn)=R3 LIST[n], R2=const 
9 Arbitrary change of R2  and R3 R2(tn)=R2 LIST[n] and R3(tn)=R3 LIST[n] 
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The impedance spectrum frequency range (1 Hz – 100 kHz) 
was selected in order to map the whole range of the model 
impedance changes. 

For arbitrary change modes (modes 7-9) it is necessary 
to send to microcontroller the list of values for the selected 
resistor. In the consecutive steps of the cycle, the defined 
resistance values are set for the selected potentiometer, 
allowing to obtain practically any required shape of the 
resistance change.  

After sending operational mode and parameters, the 
connection to the computer is no longer necessary – the 
change cycle (cycles) triggering can be performed either 
from personal computer or via digital trigger input of the 
microcontroller (START input). Similarly, the resistance 
changes can be clocked by internal microcontroller clock or 
by external digital signal (STEP input).  

Thanks to STEP input usage, it is possible to join the 
impedance changes to the impedance measurement 
process (e.g. the model parameter change can be triggered 
after the impedance analyzer finishes the impedance 
spectrum acquisition). 

The digital input STOP allows to stop the cycle at the 
required time moment. 

 
The model testing with Goertzel filter-bank 
 The model with changing impedance was firstly 
introduced in [12] and then further developed. The 
construction of the model was extended by adding the 
isolation between the digital potentiometer and the 
microcontroller to minimize the noises induced from PC. 
 The model is intended to be used for testing different 
methods of Dynamic Electrochemical Impedance 
Spectroscopy (DEIS). DEIS methods can counted into 
JTFA (Joint Time-Frequency Analysis) methods.  
 Generally, the idea of such methods lies in continuous 
(or repeated sequentially) excitation with the signal of 
complex spectrum e.g. multi-sine, square or Gaussian 
impulse, chirp, white noise and continuous acquisition of the 
response signals.  
 Then, the response signal have to be analyzed using 
the analysis technique which can be counted to one of three 
groups: 
 Short-Time Discrete Fourier Transform (ST-DFT); 

 Filter-bank (e.g. Goertzel FB); 

 Higher order transformations (Wigner-Ville, wavelet). 
 The first group divides the whole acquisition time to 
smaller parts (windowing) and then analyzes each part 
separately using classical Fourier analysis. The analyzed 
signal windows can be overlapping or non-overlapping. 
Depending on the overlapping ratio, the response can be 
more or less smooth. When using wide frequency range the 
window size must be carefully selected to correctly cover 
the whole frequency range and to avoid spectrum leakage. 
 The last group of higher order transformations is very 
useful for detecting anomalies in the searched signals but 
for impedance calculation it has lesser usage due to lack of 
direct physical interpretation. 
 The filter-bank approach looks very interesting due to 
the fact the filter output signal is produced every sample. It 
is especially useful for continuous monitoring of signal 
changes (in this case impedance). 
 The model described in the previous section was used 
for evaluation of the digital implementation of the filter-bank. 
The Goertzel algorithm [13] was used due to its efficiency 
and low computational effort and memory usage.  
 Figure 4 presents results of testing Goertzel filter-bank 
implementation using the idea of object model with 
programmably controlled impedance characteristic.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4. The results of the testing of Goertzel filter-bank 
implementation using the developed object model with the 
impedance changing in time with arbitrary mode: a) and b) the case 
for non-correctly set filter coefficients c) and d) the case for 
correctly set filter coefficients; a) and c) modulus of the impedance; 
b) and d) argument (phase) of the impedance 
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 Two cases are presented: the first one (Fig. 4a and b) 
where the filter coefficients were not-correctly set and the 
second one (Fig. 4c and d) where the filter coefficients were 
correctly set. The impedance is presented as the modulus 
(Fig. 4a and c) and the argument - phase angle (Fig. 4. b 
and d). 
 The testing system presented in Fig. 5 was built using 
DAQ card (NI USB-6251), the home made input circuitry 
and the developed dedicated software. The software 
controls generation of multi-sine signal and acquisition of 
the response signals proportional to voltage across and 
current through the object. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. The measurement system used for testing the Goertzel 
filter-bank method with the aid of the developed object model 
 
 The software also calculates, sample by sample, the 
response for each channel of the filter-bank, separately for 
the voltage signal and for the current signal. Using both 
these informations the impedance response is calculated 
and updated after each acquired sample and for each 
frequency the filter-bank is designed for. 
 
Conclusions 

The paper presents the idea and the construction of the 
object model with impedance change in time controlled by 
the software. The main application of the developed object 
is testing and evaluation of method and instrumentation for 
Dynamic Electrochemical Impedance Spectroscopy (DEIS).  

Thanks to the use of, beside RC components with 
constant values, digital potentiometers controlled by the 
microcontroller, it is possible to shape the characteristic and 
range of changes by the software. It means, that the user 
can control the model impedance change according to the 
user requirements. In the view of testing measurement 
methods, it allows to test the selected aspects and 
problems of dynamic impedance measurements. 

The model will be used for testing dynamic impedance 
measurement methods the Authors are currently working on 
especially those based on excitation with different shape 
pulses (sinc, square, Gaussian). 
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