FAST IMPEDANCE SPECTROSCOPY METHOD USING SQUARE PULSE EXCITATION
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Abstract: The paper presents a fast impedance spectroscopy
method for objects with very high impedance |Z,[>1GQ
modeled by multi-element two-terminal RC networks. The
method is based on analysis of the object response in the
time domain after square pulse excitation. The object
impedance spectrum was obtained using continuous Fourier
transform. Simulation tests were performed for different
excitation pulse widths. Measurements in the realized
system proved the usefulness of the method for parametric
identification of equivalent circuits of the objects.
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1. INTRODUCTION

Impedance spectroscopy (IS) is an universal and
effective tool used for testing of electrical properties of
technical and biological objects. It allows finding an object’s
equivalent circuit in the form of multi-element two-terminal
networks. IS is used in many areas, e.g. in research of
corrosion, protective coatings, fuel cells and impedance
measurement of membranes, isolation and biomedical
materials.

In order to perform IS, measurement systems generating
the excitation signal with a specified shape and
simultaneously analyzing the object response signal are
used. Instruments available nowadays use an impedance
measurement technique based on object excitation with a
SST (single sine technique) harmonic signal and vector
measurement of two signals: voltage across and current
through the object under measurement [1, 2]. By repeating
measurements at different frequencies, the impedance or
admitance spectrum can be obtained as a function of
frequency in a range of several decades. The spectrum
allows the analysis of measured object’s properties using the
Complex Nonlinear Least Square Fitting (CNLS) algorithm
[3] which makes parametric identification of object
equivalent circuit components possible.

The main disadvantage of the SST technique is the very
long measurement time, especially for very low
measurement frequencies (mHz, uHz). The use of low
frequencies for IS is necessary in the case of component
identification of objects with a very high impedance
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modulus |Z,| > 1 GQ. Such a case appears when performing
IS of e.g. high-thickness anticorrosion coatings, dielectric
materials and it causes that the impedance spectrum
measurement lasts even a few hours and is possible mainly
in the laboratory. In the above case, even the use of MST
(multi sine technique) accelerating IS [4] does not allow to
shorten meaningfully the spectroscopy time.

The authors, searching for a method making fast
impedance spectroscopy possible (lasting not more than a
few minutes) for an object directly in the field, like
anticorrosion coatings on bridges, pipelines etc., have used a
method based on an analysis of the response signal in the
time domain when exciting the object with a square pulse
signal. The proposed method can be counted to a new class
of IS techniques, which use non-harmonic excitation signals
like a voltage or current [S5] unity step signal or pseudo-
random white noise [6]. Unfortunately, the above-mentioned
methods were not used in commercially available IS
instrumentation. So, after simulation tests and verification in
a laboratory system, the authors plan to implement the
developed method into a portable IS analyzer, which will be
put into production.

The paper presents the theoretical background of the
method and an analysis of simulated impedance spectra of
the tested object. The method was evaluated for different
pulse times and different response sampling parameters
(sampling frequency, acquisition time and AD converter
resolution were taken into account).

2. IMPEDANCE MEASUREMENT METHOD

In order to meaningfully shorten the time of classical IS,
realized by sequential impedance measurement at selected
frequencies of a harmonic signal, the single square pulse
excitation was used. The measurement of tested impedance
Z, response amounts to sampling and quantizing signals
proportional to the voltage across and current through Z,,
using AD converters. The measurement system to verify the
presented conception is presented in Fig. 1. The system
consists of a personal computer with an installed DAQ card
and input circuitry connecting the measured object (Z,).

The excitation signal for the measured impedance Z, is
prepared with the aid of a DA converter placed on the DAQ
card. In order to limit the maximum value of current flowing



through the measured object, the programmed resistor R,
has been used at the output of a buffer supplying the
excitation signal u,(f). Current ix(¢) is converted to voltage
ui(f) in a current-to-voltage converter realized using
amplifier A;. A change of the current range is realized with
the aid of the programmable resistor Rg. This allows to
match the signal u;(f) to the input range of the ADCI
converter existing on the DAQ card. The generated
excitation signal u,(f) is not an ideal square pulse,
additionally it is deformed by parasitic capacitance. Due to
these facts, a measurement amplifier was used in the system
for real voltage u(f) appearing across Z,. The amplifier
output signal u(?) is quantized by the ADC2 converter.
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Fig. 1. Block diagram of a measurement system
realizing the method of fast IS

Current u;(f) and voltage u,(f) responses contain
information about the impedance of the tested object as a
function of frequency. This information can be extracted by
using Fourier transformation, after approximating time
responses using linear functions and calculation of transform
using formulas:

U;(jo) = [u;(t)exp(- jox)dt , where:i=1,2 (1)
0

To calculate the classical discrete Fourier transform it is
necessary to sample voltages u;(¢) and uy(¢) with a constant
time step. Assuming a maximum measurement time equal to
100s and a sampling frequency equal to 10 kHz, the
required number of samples of each signal should be equal
to 1000000. Transform calculation using such a number of
samples would last even dozens of minutes. Therefore, in
the presented solution, the acquisition time was divided into
time segments in which sampling is performed with a
different frequency. A maximum number of 6 time segments
was assumed with high limits as follows: 0.01 s, 0.1s, 1 s,...,
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1000 s, and a constant number of 1000 samples in each
segment. For the assumed condition, the maximum number
of samples collected during the acquisition time is equal to
N =6000. In this case the transform can be calculated using
the definition, it means that (1) can be written:

N-1 Intl

U,(joy = [, (t) exp(—jer) dt, 2

n=l ¢

where u(#) and u,(r) are linear approximations of each

response signal (current and voltage) between samples.
After approximation and integral calculation we obtain:

1 . )
N-l| (ui(trHl )sm ot = ”i(tn )Sln w f,,)
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N-1 ——(u,- (t,,+1 )cos wt, ., — u,.(tn )cos a)tn)+
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Determining from (3) and (4) the spectra of the signal
proportional to the voltage across and current through the
measured object, on the basis of impedance definition, the
impedance spectrum can be calculated using formula (5):

Z(a))— RCUZ((U)‘F]IHIUZ(C())
"~ ReU,(w)+ jImU,(w)

Ry, (%

3. ANTICORROSION COATINGS SPECTROSCOPY

The developed method for the fast spectroscopy method
is aimed at high-impedance objects, as mentioned at the
beginning. The method is particularly dedicated to
impedance measurement of anticorrosion coatings, which
allows to evaluate the condition of the anticorrosion
protection. Due to safety and economical reasons it is
necessary to determine the quality of a protective coating in
order to estimate the renovation time. This leads to the need
of impedance measurement of anticorrosion coatings and as
the result to diagnose their condition, also performed in the
field, directly on the protected object.

Figure 2a presents a photograph of a typical cell for
impedance measurement of the anticorrosion coating on a
high-voltage power line pylon, and Fig. 2b presents a cross-
section of the coating [7]. When the coating is new and the
protection relies on the barrier mechanism and there is no
electrolyte penetration in the coating, the equivalent circuit
contains only two elements: capacitance C. (of an order of
tens — hundreds pF) and resistance R, (several- hundreds
GQ) modeling the properties of the coating material. After
the first period of exploitation, the coating loses its
protection barrier and the electrolyte penetrates the coating,
but adhesive properties are still active and there is no
undercoating corrosion. At this stage, the resistance of the
electrolyte in the coating pores influences R,, whose value
decreases the more the electrolyte penetrates the coating.



Additionally, the electrolyte penetration causes an increase
of the dielectric constant and as a result the increase of the
capacitance C.. In the next stage, the continuity of the
coating is broken, undercoating corrosion appears, and the
equivalent circuit contains new elements; double-layer
capacitance Cy and charge-transfer resistance R.. As the
corrosion expands, the value of R, still decreases, until
finally the coating is destroyed and the equivalent circuit
contains only R and Cy,.
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Fig. 2. a) Photograph of the cell for impedance measurement of
anticorrosion coating on the high-voltage power line pylon b) Cross-
section of the coating

For simulation tests and practical verification of the
method, the four-element two-terminal RC network shown
in Fig. 3 was used. The configuration and the values of the
components are a typical example of the equivalent circuit
of high-thickness anticorrosion coating in the early stage of
undercoating corrosion induction. This is a very important
moment in coating diagnostics, as the fast renovation of the
coating can prevent the expansion of corrosion.
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Fig. 3. Schematic diagram of the object under test

4. EVALUATION OF THE METHOD BY SIMULATION

To compare the calculated and real impedance spectra
for different parameters of the excitation signal and response
sampling, the algorithm of the method presented in Section
2 was evaluated by simulation. The simulation was
performed using Matlab for the object presented in Fig. 3.
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Figure 4 presents timings of signals u(¢) and u,(f) when
exciting a two-terminal RC network with a square pulse
with 1V amplitude and pulse widths 0.5s and 2s (the
assumed pulse width results from the estimation of the
object’s time constant on the level of 1s). For a shorter
pulse, the voltage uy(f) on the measured two-terminal
network Z, does not reach the maximum value resulting
from the voltage divider created by resistor R, =1 GQ and
the maximum value of the impedance modulus |Z,| = 15 GQ.
Resistor R, has limited the current flowing through Z, to
1 nA, so a range resistor Rg = 1 GQ was used in the current-
to-voltage converter, matching voltage u(t) to the AD
converter operating range.
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Fig. 4. Current (continuous line) and voltage (dashed line) signals
on the tested two-terminal RC network

For the values of resistors R, and Rr determined above,
using formulas (3-5), the shape of the impedance spectrum
of the two-terminal RC network was analyzed depending on
a changing square pulse width T and sampling frequency,
assuming a total acquisition time equal to 100s. The
simulation results are presented in Fig. 5, where impedance
spectra were shown in the Nyquist plot, for frequencies in
range of 0.01 Hz — 1kHz. The continuous line in the graph
presents the impedance spectrum calculated theoretically
using nominal values of RC components (Fig. 3).
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Fig. 5. Impedance spectra in the Nyquist plot



When analyzing curves it can be noted that the spectra
obtained from measurement with constant sampling
frequency (100 Hz) differ meaningfully from the theoretical
one. Much better results were obtained (the spectrum is
closest to ideal) in case of sampling with a variable
frequency. Due to this fact, in the system presented in
Section 2 and in following simulations, the sampling
frequency changing in decades in each segment is used.

The presented spectra, due to the wide range of changes
of real and imaginary parts of impedance, do not allow to
evaluate precisely the quality of their fitting to the
theoretical characteristic. Because of this, it was decided to
perform the evaluation on the basis of an error of
identification of components of the equivalent circuit of the
tested object. For parametric identification of components
the computer program LEVM [3] was used. LEVM uses the
iterative CNLS method to find the function describing a
two-terminal RC network with a known structure well fitted
to the impedance spectra calculated from (3-5). Relative
errors of four identified elements were calculated in relation
to square pulse width when sampling with an ADC
converter with 16-bit resolution (Fig. 6).
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Fig. 6. Error of identification of elements of a two-terminal RC
network when sampling with a 16-bit AD converter

The graphs shown the significant influence of the
excitation pulse width on determined impedance spectra
which were the basis to identify components of the
equivalent circuit of the two-terminal network. Relative
errors for all identified components reach a clear minimum
for a square pulse of tT=1s width. This is a time
comparable to the time constant of the tested two-terminal
RC network. The resolution of the AD converter assumed in
the simulation is not always possible to assure. The
verification of the method is performed in the system with a
DAQ card equipped with 12-bit AD converters (Fig. 1), so
the simulation was repeated for a 12-bit converter.

The graphs of errors presented in Fig. 7 show again that
the optimal excitation pulse width is equal to 1s. The
accuracy of component determination is worse, especially
for Cy and Ry, which are placed deeper in relation to
terminals of the two-terminal RC network. A simulation
performed with a longer acquisition time (1000 s) has not
shown a significant accuracy improvement.
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Fig. 7. Error of identification of elements of a two-terminal RC
network when sampling with a 12-bit AD converter

The significant increase of identification errors of
components Cy and R, for pulse duration times above 7 s is
surprising. This effect can be caused by a too low sampling
frequency in the time segment above 10 s. Due to this, the
signals u(¢) 1 u,(¢f) sampling time segments selection was
modified. The three time segments during pulse duration
were assumed, and the same segments were repeated
immediately after the pulse, then two segments were added
with the duration time equal to 10 fy,, and 100 &y,.
Additional sampling segments were entered in order to
extend the measured impedance spectrum in the range of
low frequencies (from 0.01Hz). The total number of samples
collected in modified measurement cycle is equal to 8000.
The modifications caused the change of relative error curves
(Fig. 8) for pulse duration time greater than 1s. The graphs
show that the optimal pulse duration should not be shorter
than the time constant of the measured object.
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Fig. 8. Relative error of component identification of a two-terminal RC
network for a modified measurement cycle

To compare the obtained identification results, optimal
results are shown in Table 1 for both resolutions and
different methods of time segment selection. For each
component value, the standard uncertainty was given as a
standard deviation calculated by the LEVM program.



Table 1. Identification results for simulation tests of the object.

Cc Rp Cdl Rct

[pF] [GQ] [nF] [GQ]
ADC 16bit | Value |3144 9968 2238 |4.972
Basic Err [%] | -0.19 .32 0.81 -0.56
cycle StDev |0.2 0.007 | 0.008 0.010
ADC 1obit | Value [3134 9922|2151 5.012
Basic Err[%] |-0.51 -0.78 311 0.24
cycle StDev | 0.5 0.021 0.022 0.027
ADC 12bit | Value [313.6 19965  [2.177  |5.088
Modified | Err[%] | -0.44 -0.57 -1.94 1.76
cycle StDev | 0.4 0.016 |0.016 |0.022

The analysis of Table 1 shows that the proposed method
of fast impedance spectroscopy using square pulse
excitation allows the identification of components of the
tested two-terminal RC network in a time of approx. 100 s,
with an uncertainty level comparable to SST spectroscopy.
But the measurement time for an impedance spectrum using
the SST method performed for frequencies in the range
0.01 Hz - 1 kHz, with 3 points per decade (1-2-5 steps) is
equal to 1900s. The measurement time was calculated
assuming that at each frequency the measurement lasts for
10 periods of the signal [8]. A significant (19 times)
shortening of the measurement time was obtained, which is
extremely useful especially in case of measurements
performed directly in the field.

5. EXPERIMANTAL VERIFICATION

Taking into account the conclusions arising form
performed simulations, the algorithm of measurement
process was developed and implemented in the realized
measurement system (Fig. 1). The algorithm contains
automatic range selection, excitation pulse generation with
optimal time and selection of an appropriate sampling
frequency in particular time segments of the measurement
cycle. Figure 9 presents a block diagram of the algorithm
which is realized in three steps. In the first step, the one of 8
range resistors Rg is chosen (also concurrently R,) starting
from the highest value Ry =1GQ (next Ri: 100 MQ,
10 MQ, ... 100 Q). In order to do this, a test pulse with
minimal duration time (t,,=0.1s) is generated and the
voltage across the measured object u, is sampled. If the
value of the voltage u,, at the end of the test pulse is greater

than 0.1U, (U, — amplitude of test pulse u,), the range
resistor is accepted.
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Fig. 9. Algorithm of the measurement process implemented in the
system

In the second step, the optimal measurement pulse
duration time is selected. The pulse duration is increased by
a coefficient arising from an exponential curve to increase
the voltage across the object above 0.9 U,,. In the third step,
on the basis of the pulse duration obtained in the second
step, time segment limits are calculated as shown in Fig. 10
(the time axis values are given for an exemplary pulse
duration of 1s). Assuming 1000 samples in each time
segment, sampling frequencies are then determined for each
segment (for the presented example in the first segment the
sampling frequency is 100 kHz). Then the pulse is generated
and the voltage u, and current iy response of the object is
acquired (total number of samples is equal to 8000). Finally,
the impedance spectrum is calculated at required frequency
points using (3-5).
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Fig. 10. Time segments of the sampling process in the proposed modified method and the curve of the voltage across the object
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The presented algorithm implemented in the
measurement system allowed experimental verification of
the method. The measurements were performed for the two-
terminal RC network (Fig. 3). Signals proportional to
voltage (up) across and current (u;) through the measured
impedance Z,, at the output of the input circuitry are shown
in Fig. 11. A series of ten measurements of u; and u, was
performed for square pulse excitation with an amplitude of
U, =1V and duration time f,, = 2 s. The impedance spectra
were calculated allowing parametric identification of the
object using LEVM software. Table 2 presents mean values
of the determined parameters, their relative errors and
standard deviation for the measurement series.
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Fig. 11. Oscillograph of u, (Ch1) and u; (Ch2) in the realized system

Table 2. Identification results from measurement of the object.

Ce R, Ca R
[pF1 | [GQ] | [nF] | [GQ]
ADC 12bit | Meas. 313,19 984 12,09 484
Modified | Err [%] | -0-45 -1,00 5.64 255
CYCIS StDev 0,35 0,0] 0’01 0’02

The identification errors calculated from measurements are
2-3 times greater (depending on the location of the
component in the structure of the two-terminal network)
than those obtained from simulations. The error increase is
caused by non-ideal parameters of the input circuitry which
were not taken into account during simulation. The error
sources are difficult to eliminate (e.g. parasitic capacitances)
in case of very high impedance measurements. The second
cause of the increase of the identification error is the power-
line-induced noise with a frequency of 50 Hz which is added
to sampled signals u; (Fig. 11) extracted in the input
circuitry, in spite of careful shielding of the tested object.
The obtained accuracy fulfils requirements for
measurements carried out directly in the field. This can be
also useful in some cases in the laboratory, when the most
important is shortening of the measurement time. So the
developed method can be an alternative to classical IS.

6. CONCLUSIONS

A method and the measurement system for fast
impedance spectroscopy of objects modeled by multi-
element two-terminal networks was developed. The method
is based on analysis of the time domain response of the
object Z, after square pulse excitation. The impedance
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spectrum of Z, was determined by transformation of the time
domain response of the tested object to the frequency
domain wusing continuous Fourier transformation. The
proposed algorithm of transform calculation using a selected
sampling frequency for each segment of the acquisition time
has shortened the calculation time as well as made possible
much better fitting of the obtained spectrum to the
theoretical one.

The performed simulation test for a 4-element two-
terminal RC network has proved the usefulness of the
method for parametric identification of the object’s
equivalent circuit. The relative error of component
determination does not exceed 0.2%-0.8% depending on the
placement of the element in the structure of the two-terminal
RC network in case of the use of a 16-bit AD converter and
has increased to a maximum value of ca. 2% in case of a 12-
bit ADC when using a modified selection of time segments
in which the response signals are sampled.

In the practical verification of the method in the realized
measurement system, a 2-3 times increase of the
identification errors was obtained. This is caused by non-
ideal parameters of the input circuitry connected to the
measured object with very high impedance, and the noise
induced in the object mainly by power lines. The obtained
accuracy is acceptable for the measurements performed
directly in the field. The main advantage of the proposed
method is meaningful shortening of the measurement time
in relation to classical IS. For the tested object, the
measurement time was shortened from approx. 31 min. in
the case of the Solartron set (Impedance Interface 1294 and
Frequency Response Analyzer 1255) to approx. 1 min. 40 s.

The good results of simulation and verification directed
the authors to further improvements of the method (e.g.
increase of sampling frequency to average samples to
eliminate noise) and to realize a system using 16-bit ADCs.
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