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Online Estimation of Cable Harmonic Impedance in
Low-Voltage Distribution Systems

Stanislav Babaev, Sjef Cobben, Vladimir Ćuk and Helko van den Brom

Abstract—Incorrect values of cable harmonic impedance can
lead to wrong conclusions when assessing impact of current
distortion on the power network. A theoretical derivation of
resistance and reactance for harmonic frequencies is not sufficient
as it neglects operating conditions of cables as well as their
configuration and actual installation pattern. In this paper, a non-
invasive procedure for estimating parameters of the low-voltage
cable is proposed. On contrary to invasive methods, proposed
technique does not require any external sources of harmonic
excitation and consequently it does not introduce additional
disturbances to the system. A disconnection of the cable is not
required as the procedure meant to be performed online. The
methodology employs natural variations of harmonic currents
and voltages, however, the impedance angle is preserved due
to the utilization of synchronized measurement samples. The
developed signal processing algorithm provides noise reduction
capabilities and smoothing of the output in presence of fluctuating
harmonics. Additionally, an attention is given to the metrological
characterization of the measurement system and evaluation of
uncertainty of impedance values. The results of the laboratory
experiment indicate that for selective harmonics the variations
of impedance estimates are no more than 10 mΩ which is in the
range of calculated uncertainty values. The practical applicability
of the method is discussed together with its limitations.

Index Terms—Power system harmonics, Measurement tech-
niques, Impedance measurement, Power Quality, Measurement
uncertainty

I. INTRODUCTION

The harmonic impedance of cables and transmission lines
plays critical role in harmonic analysis. Accurate impedances
at all frequencies of interest are necessary for evaluation of
harmonic emission levels, identification of potential resonance
problems and design of adequate mitigation measures. It is
known that cable impedance under non-sinusoidal conditions
can deviate significantly from theoretical values derived from
50 Hz resistance and reactance. The analytical expressions
and Finite Element methods presented in current literature
demonstrate that it is the proximity effect which is responsible
for unique harmonic behavior of cables. As authors of [1]
pointed out in their investigation on subsea power transmission
cable, the proximity effect in multi-conductor cables leads to
a drastic increase of both resistance and reactance with raising

This work has received funding from the European Union’s Horizon 2020
research and innovation programme MEAN4SG under the Marie Skłodowska-
Curie grant agreement 676042.

Stanislav Babaev, Joseph Cobben and Vladimir Cuk are with Department
of Electrical Engineering, Eindhoven University of Technology, Eindhoven,
Netherlands (e-mail: S.Babaev@tue.nl)

Helko van den Brom is with Dutch Metrology Institute (VSL), Delft,
Netherlands (e-mail: hvdbrom@vsl.nl)

frequencies. The results of this paper were confirmed in [2]
with additional regard to the asymmetrical distribution of eddy
currents in a three-core submarine cable.

Fundamentally, the harmonic behavior of the subsea cables
is different from underground ones. In [3] authors provided
a thorough survey on existing modelling strategies of un-
derground low-voltage distribution cables. It was proved that
sufficient discrepancies in results can occur at harmonic fre-
quencies when employing models with different complexity
levels. Moreover, another important observation concerned
the impact of the ground path on zero-sequence resistance,
which can be altered sufficiently depending on the grounding
strategy. Further, the measurements performed on disconnected
low-voltage cables by utilization of external signal gener-
ator revealed additional impact of cable configuration and
installation practice on final harmonic impedance values [4],
[5]. Additionaly, a steel wire armor has been accounted as
responsible for extra increase of cable resistance due to eddy
current losses.

If cable design data are available, it is possible to obtain
estimates of impedance through application of aforementioned
modelling techniques. However, in many cases these data are
difficult to acquire and approximation of impedance values
remains uncertain. Therefore, accurate measurements of re-
sistance and reactance at different frequencies are required.
Moreover, in order to take into account all the deciding factors
including cable laying, its configuration, neutral grounding
strategy and asymmetry in harmonic current injections, the
impedance measurement should be performed on-site on al-
ready installed cables.

Several papers address the issue of determining parameteres
of lines at fundamental frequency without putting them out of
service. The most recent state-of-the-art focuses on state esti-
mation techniques involving syncronized phasor data. Among
others are contributions [6], [7], [8] and [9] which presented
methodology for estimating line parameters for high-voltage
transmission systems with provision of phasor measurement
units (PMUs). Furhter, a method applicable to distribution
system level was proposed in [10]. In this research work
authors determined the parameters of medium-voltage feeders
considering uncertainties associated with transducer errors. On
the other hand, little attention has been paid in literature to
online impedance characterization of underground cables of
low-voltage distribution systems.

In this paper a novel method for estimating impedance of
low-voltage cable is proposed. The method aims to resolve
resistance and reactance values at different frequencies in
presence of fluctuating harmonics in the system. An additional
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source of harmonic excitation is not required, neither the
disconnection of loaded cable. The proposed method is based
on the utilization of natural harmonic current and voltage
variations of non-linear loads. These signals are captured
synchronously at multiple points by measurement system with
high accuracy level. The impedance is then estimated in
the form of transfer function preserving phase angle values.
The indicative uncertainty values associated with measurement
chain allow to reject unreliable input data and establish con-
fidence interval for final impedance values.

II. METHODOLOGY

A. Laboratory Setup

The online estimation of cable harmonic impedance value
was performed in the laboratory. The established power net-
work infrastructure includes low-voltage power source and
underground low-voltage 70 mm2 Al feeder with approximate
length of 150 m. Overall, there are six connection points
along the cable realized with 16 mm2 Cu of 30 m length
each. These connections act as conventional “households”
and different types of loads can be connected thereto. Thus,
this configuration represents a part of a typical low-voltage
network in the urban environment. It is worth noting that
combined DC resistance of the main feeder together with
the last section of household connection was meausured with
external DC source. For this purpose two identical digital
multimeters Agilent 34401A were installed at the beginning
of the feeder and at the last connection point to measure
value of the voltage drop across the DC resistance. These
multimeters are characterized by 0.0030% gain error and
0.0005% offset error as per data provided by the manufacturer.
The DC source provided controlled excitation from 1 A to 10
A and current measurements with calibrated accuracy 0.5%
+ 2 digits. The DC current was drawn by precision current
measurement shunts with calibrated resistances of 10 mΩ and
100 mΩ which were connected to the last household. The
measurements were repeated 13 times for different current
levels and after each subsequent step new value of resistance
was calculated. The majority of results was included between
boundaries of 0.0934 Ω and 0.0936 Ω. Based on this, the
value of 0.0935 Ω is taken as the reference. Further, the
reactance at fundamental frequency was calculated based on
the layout and data sheet specifications. The value of 0.023 Ω
is accepted as reference reactance. The proposed experiment
involves usage of a non-linear programmable load California
Instruments 3091LD which acts as an emulator of real large
power electronics-based load. This load provides harmonic
current injections which are used as an input for methodol-
ogy described in this paper. Furthermore, two identical solar
inverters Mastervolt Soladin 3000 Web are connected toward
the beginning of the feeder. These inverters are supplied by
Solar Power Simulator TerrasSAS ETS, which can emulate
operation of the solar power plant under different irradiation
levels. The purpose of the inverters is to provide small current
distortions and therefore to act as a source of additional noise
in the system. These solar inverters operate with rated THD

level less than 3%, therefore ensuring only little impact on har-
monic voltage drop. Further, both public low-voltage grid and
programmable voltage source California Instruments MX45
are used during the experiment. The one-line configuration of
the setup with measurement points is depicted in Fig. 1. More
details about the measurement system are provided below.
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Fig. 1. Experimental setup.

B. Measurement System

Distributed high accuracy fast data acquisition system con-
sists of two National Instruments cRIO-9038 chassis. Voltage
and current waveforms are recorded at 25 kHz sampling fre-
quency with all the samples synchronized across all channels
and chassis to the precision time source. The clock signal is
generated on FPGA of the master device and then distributed
via high-speed digital interface to the slave device. The digital
modules used for this procedure are NI-9401. Thus, both of
the acquisition devices are triggered synchronously at the start
of the data recording. The accuracy of time synchronization
is at the range of 200 ns.

Voltage signals are measured directly at both ends of the
cable whereas line current is provided by rogowsky coil type
PEM LFR 03/3. The chassis are equipped with input voltage
NI-9225 and current NI-9234 measurement cards with 24-
bits analog-to-digital converters (ADC) based on delta-sigma
technology. This implies that output of ADC is characterized
by unequal amount of samples produced from one cycle
to another. Thus, a resampling algorithm is utilized as a
part of developed synchronization software package. Further,
the voltage cards contain three differential input channels
with channel-to-channel isolation excluding the possibility of
ground loop influence. In contrast, all four input channels
of current measurement cards are referenced to the chassis
ground through resistor. Thus, in order to avoid possible
impact of ground loops all the chassis were connected to the
common ground. For the correct performance of the proposed
methodology only single-phase current and additionaly neutral
conductor current are sufficient to measure. These measure-
ments are placed at the beginning of the cable involving,
therefore, only two input channels out of available four.

The recorded data was stored directly on the hard drive of
each measurement device, therefore eliminating all potential
delays associated with transfer of data via Ethernet or other
means of communication.
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C. Fundamental Idea

The fundamental idea behind the calculation of cable har-
monic impedance is utilization of natural excitation of the
system provided by operation of non-linear loads. Thus, the
following equation is sufficient:

Z(f) =
V1(f) − V2(f)

I(f)
(1)

where V1(f) and V2(f) are voltages measured at the beginning
and end of the cable, respectively, and I(f) is a line current
measured at the sending end of the cable. For low-voltage
systems it is reasonable to assume that current difference
between sending and receiving end of the cable is neglible.
It is evident from equation (1) that for correct calculation of
the line harmonic voltage drop and subsequently estimation of
the impedance, all the values must be recorded synchronously.
Some considerations on this problem were reported in [11].

The cable impedance can be estimated within certain degree
of accuracy when particular non-linear load provides sufficient
harmonic excitation levels. These harmonic currents in turn
cause line voltage drop at different frequencies. As it will
be pointed out later, an efficient noise-reducing algorithm is
crucial for successful performance of the proposed method.
Additionally, an important consideration is in order: the
impedance is estimated up to the point of connection of
dominant harmonic producing source, that is, for obtaining
the value which corresponds to the full length of the cable, the
load must be connected at the end of it. This idea is illustrated
in Fig. 2, where a dominant harmonic source represented by
complex admitance Y (f) is connected to the point B after the
impedance section ZAB(f). Given the source voltage Vs(f)
and voltage at the end of the cable Ve(f), the goal of the
proposed methodology is to estimate the value of ZAB(f) over
which the harmonic voltage drop occured during the operation
of dominant harmonic load Y (f). At the same time, the critical
part is to filter out uncorellated noise and impact of another
harmonic producing loads Ie(f). Furthermore, the proposed
method makes use of single-phase measurement. Additional
neutral-wire measurements are employed for unbalanced situ-
ations and compensation of zero-sequence harmonics.

Vs(f)

ZAB(f) ZBC(f)

Ve(f)

IL(f)

A

Ie(f)

Y(f)
Harmonic 
Source

B C

Fig. 2. Equivalent circuit.

D. Estimation Algorithm

One of the main issues for accurate estimation of harmonic
impedance with non-invasive methods is voltage background
harmonics. These background harmonic components introduce

an error in final estimated value of the impedance. Due to the
fast dynamic nature of background distortion the elimination
of their impact is a non-trivial task. When the harmonic
impedance of the cable is of concern, another origin of error
is the combined effect of simultaneous operation of all the
other loads connected along the feeder. The level of excitation
provided by this loads can be quite low, yet reasonably enough
to act as a source of noise.

Taking into account the aforementioned, the authors of [12]
demonstrated the challenge of employing just a few cycles of
RMS values (magnitudes only) for impedance calculation, as
these values have to be chosen from certain strict realizations
of data. A considerable improvement is to perform continuous
assessment of the impedance over the range of frequencies
by utilizing large amount of data samples. The underlying
signal processing algorithm proposed in this paper is referred
to Welch Averaged Periodogram. Generally, the periodogram
is an efficient way to provide an estimator for the power
spectrum. The basic concept of periodogram calculation is to
establish correlation estimate of the signal and after that apply
Fourier transform. Thus, both pure windowed sequence of a
signal and its shifted version are used in estimation procedure.
The following equation (2) sets the correlation sequence:

cvv[m] =
L−1∑
n=0

x[n]w[n]x[n+m]w[n+m] (2)

where L is a length of the signal, x[n] is a given signal and
w[n] is a window sequence.

The fundamental property of the periodogram estimate is the
increasing variance with the frequency when the length of the
window m approaches the signal length L. On the other hand,
obtaining smooth estimate of the power spectrum requires
decreasing the length of the signal and number of DFT points,
which leads to poor frequency resolution. For considering this
tradeoff Welch [13] suggested to reduce random variations of
the estimate by breaking the signal into several independent
periodograms and then averaging their output. The equation
(3) for autocorrelated power spectrum therefore can be written
as follows:

Pxx(ω) =

∞∑
−∞

cvv[m]e−jωm (3)

This type of signal processing algorithm is best suitable for
working with noisy signals, for any uncorrelated noise can be
removed from the system. At the same time, the important
features of the input and output are conveniently represented
by averages.

In order to apply the described algorithm for harmonic
impedance estimation the notion of Linear Time Invariant
(LTI) system is used. The attributes of that system are such
that it is fully described by its impulse response. This impulse
response in turn can be utilized to calculate the output of
the system due to any input occurred. The following general
equation (4) is applied:

y[n] = x[n]h[n] (4)

where y[n] is the output of the system, x[n] is the input
and h[n] is the impulse response. Further, the concept of LTI
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system implies that output y[n] is expressed by means of all the
samples of impulse response and input sequences, which are
linearly superimposed and shifted accordingly in time. This
feature provides a foundation for continuous assessment of
harmonic impedance [14]. The impulse response h(ω) is then
can be estimated as:

h(ω) =
Pxy(ω)

Pxx(ω)
(5)

where Pxy(ω) is cross-correlated power spectrum of line
voltage drop and line current and Pxx(ω) is auto-correlated
power spectrum of current. The output of the equation (5)
is equivalent to the impedance values calculated at different
frequencies.

It is worth noting that all FFT-based algorithms are prone to
the issue of spectral leakage in case of the systematic deviation
of power frequency in the system. In order to address this
problem the parameters of the Welch averaged periodogram
were tuned according to the following logic:
• The cable under the study and one non-linear load were

energized by the external power source providing stable
sinusoidal voltage with constant frequency of 50 Hz;

• The resistance and reactance values were extracted for
selective frequencies by applying proposed algorithm;

• The same steps were performed after substituting the
external power source with a public grid which is char-
acterized by deviating power frequency;

• The parameters of the algorithm were established by ana-
lyzing differences in impedance results between the ideal
case with fixed frequency and public grid connection;

Based on 25 kHz sampling frequency, the 1-cycle Hamming
window and 500 DFT points were used. Moreover, 10-second
segments of a signal were further broken to 500 independent
periodogram with 10% overlap. Consequently, the impact of
the spectral leakage was reduced and smooth averaged output
was obtained. However, in order to completely eliminate this
phenomena the window of the FFT has to be synchronized
to the actual power frequency. This technique nevertheless
was out of the scope of the presented experiments. The block
diagram of the proposed algorithm is shown in Fig. 3.

III. EVALUATION OF MEASUREMENT UNCERTAINTY

The evaluation of uncertainty in this paper is based on
the metrological specifications of measurement equipment.
Therefore, Type B uncertainty is calculated according to GUM
[15] recommendations. The typical calibration values for each
component of the measurement chain are given in Table I. The
anti-alias bandwidth of voltage and current cards is 22 kHz
and reported values for current probes are valid for frequency
range from 0.45 Hz to 20 kHz.

TABLE I
EQUIPMENT SPECIFICATIONS

Component Gain error, % Offset error, % Noise, mV
Voltage card ±0.05 ±0.008 2
Current card ±0.05 ±0.006 0.05

Current probe ±0.3 ±0.05 3

Evaluate	measurement
uncertainty

Record	voltages	and
currents

No

Yes

Synchronization
successful?

Perform	FFT

Filter	harmonics	below
uncertainty	level

Establish	Transfer	Function
and	calculate	impulse

response	h(�)

Exclude	results	for	filtered
harmonic	orders

Collect	impedance	values

Assign	confidence	interval

End

Start

Fig. 3. Flow chart of the proposed algorithm.

Firstly, a standard uncertainty associated with each compo-
nent of voltage and current measurements is evaluated. Further,
a combined standard uncertainty for current is computed
through application of summation in quadrature:

uc(I) =
√
u1(I)2 + u2(I)2 (6)

where u1(I) and u2(I) are standard uncertainties of input
current card and current probe, respectively.

Finally, the uncertainty of the impedance estimation in-
volves correlated input quantities. The degree of correlation
is estimated through correlation coefficient according to:

r(V, I) =
uc(I)δV
uc(V )δI

(7)

where uc(I) and uc(V ) are combined standard uncertainties
of current and voltage measurements, respectively and δI , δV
are current perturbation and associated voltage drop, respec-
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tively. The combined standard uncertainty for correlated input
quantities is given as:

uc(Z) = c2V u
2
c(V ) + c2Iu

2
c(I)

+ 2uc(V )uc(I)r(V, I)cV cI
(8)

Where cV and cI are sensitivity coefficients. The sensitivity
coefficients are calculated as follows:

cV =
∂Z

∂V
(9)

cI =
∂Z

∂I
(10)

Several remarks should be given with respect to evaluated
combined uncertainty of impedance magnitude. The correla-
tion coefficient in equation (7) is frequency dependent and
therefore its value will be increasing with increased frequency
due to higher value of impedance. Further, the second term of
equation (8) takes negative sign and thus, the final uncertainty
is expected to decrease with higher order of harmonics,
provided that voltage and current readings are above the
uncertainty level of the measurement system. The estimated
uncertainty budget for fundamental frequency is presented in
Table II.

TABLE II
UNCERTAINTY BUDGET

Quantity Standard uncertainty Probability Expanded uncertainty
u(xi) k factor = 2
Minimum excitation, I = 9.05 A

V 70 mV normal 140 mV
I 2.9 mV normal 5.8 mV
Z 7.7 mΩ normal 15.4 mΩ

Medium excitation, I = 10.84 A
V 70 mV normal 140 mV
I 3.3 mV normal 6.6 mV
Z 5.9 mΩ normal 11.8 mΩ

Maximum excitation, I = 13.38 A
V 70 mV normal 140 mV
I 3.6 mV normal 7.2 mV
Z 5.2 mΩ normal 10.4 mΩ

IV. RESULTS

A. Programmable Voltage Source

During this experimental case only 3-phase balanced non-
linear load was connected to the household #6 which corre-
sponds to the connection point at the end of the cable. The load
with maximum apparent power of 3 kVA per phase was pro-
grammed to operate as constant power load with crest factor
1.8. This provided sufficient excitation level for the positive-
sequence and zero-sequence harmonics. The programmable
power source with fixed fundamental frequency of 50 Hz and
low level of voltage waveform distortion was used to supply
the load. Several excitation levels have been tested and some
of the loading scenarios are presented in Table III.

As an example, Fig. 4 and Fig. 5 show pattern of the har-
monic load current together with associated voltage distortion
at the sending end of a cable for 7th and 13th harmonic orders,
respectively. The overshoots are due to imperfections in the
control of load bank during rapid change of load demand.

TABLE III
LOAD OPERATING SCENARIOS1

# 1 2 3 4 5 6 7 8 9
I1, A 13.0 10.8 11.7 12.8 11.3 12.6 13.0 9.0 13.9

P1, kW 2.9 2.5 2.6 2.9 2.6 2.9 3.0 2.0 3.0
1 constant power load with crest factor of 1.8
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Fig. 4. 7th harmonic 1-cycle RMS values: (a) Load current, (b) Voltage at
the beginning of cable.

It follows from the detailed analysis of these graphs that
lower harmonic current value at higher harmonic orders
contributes to a larger voltage distortion due to increased
value of the impedance. This is followed by significantly
larger magnitude variations of harmonic voltage when fre-
quency increases. To conclude this qualitative analysis, a
graph demonstrating cable voltage drops at different harmonic
frequencies is presented in Fig. 6. The recorded voltage drop
values for 5th and 11th harmonics are significantly smaller
than corresponding values of 7th and 11th and almost close to
the uncertainty level of voltage acquisition cards. Therefore,
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Fig. 5. 13th harmonic 1-cycle RMS values: (a) Load current, (b) Voltage at
the beginning of cable.
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Fig. 6. Voltage drop at different frequencies.

the uncertain harmonics must be excluded from impedance
estimation algorithm. Furthermore, it is important to carefully
consider excitation levels for both resistive and reactive parts.
This requires evaluation of angle between voltage drop ∆V
over the cable and corresponding load current I at frequencies
of interest. Histogram angle charts of relative angle values are
shown in Fig. 7 and Fig. 8 for 7th and 11th harmonic orders,
respectively. For 11th harmonic it indicates that voltage drop
is caused exclusively by imaginary component and taking into
consideration small magnitude of ∆V it is reasonable to infer
that calculation of resistive part of cable impedance will give
erroneous result.
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Fig. 7. Angle between ∆V and I at 7th harmonic.
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Fig. 8. Angle between ∆V and I at 11th harmonic.

It is worth noting that a three-phase balanced non-linear
load can inject zero-sequence harmonics which tend to add in
neutral wire and thus create an uneven voltage drop over zero-
sequence impedance. In theory, these triple components are
expected to be exactly three times of the corresponding phase
value. However, in practical situation due to the leakage effect
to the ground the magnitude of current in neutral wire can
demonstrate some deviations from anticipated value. In order
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Fig. 9. Magnitudes of cable impedance values at different frequencies.

to complement the proposed method and avoid employment
of three phase measurements and corresponding complexity of
constructing three phase equations involving mutual coupling
phenomena, it is suggested to use neutral wire measurement
for compensation of triple components.

By employing the algorithm described in Section II the
impedance values of a cable were calculated and results are
presented in Fig. 9. It is worth of noting that harmonic values
for even orders were excluded from calculation due to low-
excitation levels and therefore are not presented in the graph.
Analysis of results reveals that proposed algorithm provides
sufficient noise reducing capabilities and gives stable estimates
of impedance over the course of time.

Further, the performance of the method proved to be robust
during dynamic test, i.e. alteration of load demand in fast steps.
The estimated impedances for harmonic orders from 1 to 19
along with standard uncertainties and harmonic current values
are presented in Table IV. From this table it can be inferred
that the magnitude of the estimated fundamental impedance
is close to the accepted reference value of 0.0963 Ω. The
difference between two values is 7.9 mΩ which is within the
evaluated expanded uncertainty for this frequency for 95% of
values (coverage factor k = 2). The main difference lies in the
reactive part of impedance and this is due to the initially low
X/R ratio which requires higher excitation levels in imaginary
part of current.

Further, the highest harmonic current of 3.93 A was
recorded for 3rd harmonic component which also corresponds
to the lowest standard uncertainty of 3.8 mΩ. This is gov-
erned by the fact that at this frequency harmonic current
had largest impact on the voltage. Additionaly, due to the
increased correlation via higher impedance the uncertainty
level decreased. Further, the harmonic impedance estimates
demonstrate consistent increasing behavior. It is worth of
noting that reactive part changes closely to widely accepted
theoretical formulation. Moreover, an increasing standard un-
certainty with decreasing excitation level is clearly observable.
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TABLE IV
COMPLEX IMPEDANCE VALUES

h R + iX | Z | Standard uncertainty I
# Ω Ω mΩ A
1 0.1037 + 0.0097i 0.1042 7.7 9.05
3 0.0953 + 0.0363i 0.1020 3.8 3.93
7 0.1478 + 0.0814i 0.1687 25.5 0.5
9 0.0982 + 0.1092i 0.1469 62.1 0.25
13 0.1894 + 0.1417i 0.2365 82.3 0.16
15 0.1050 + 0.1783i 0.2069 442.4 0.04
19 0.2418 + 0.1964i 0.3115 274.5 0.06

In addition, the consistency of impedance estimates over
the course of the time can be further checked by evaluating
vector plots of harmonic impedances. These plots for some of
the frequencies are presented in Fig. 10 and Fig. 11. Each
figure contains 40 estimates of complex impedance values
and each value corresponds to 10 seconds period, over which
averaged periodogram was calculated. From the graphs it
can be inferred that variations of impedance estimates are
negligible and proposed algorithm provides stable values of
both resistive and reactive parts.
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Fig. 10. 7th harmonic impedance.
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Fig. 11. 13th harmonic impedance.

B. Public Network and Additional Sources of Noise

This part of the experiment involved the same non-linear
load with maximum apparent power of 3 kVA connected at
the end of the feeder (household #6) with crest factor set to 2.
This provided sufficient excitation level for negative-sequence
harmonics. The load was powered by public grid with THD
equal to 1.7% with dominating 5th and 7th harmonics. At
certain moments of time, two identical solar power inverters
were switched on at the households #1 and #2. The slow ramp

irradiation profile was applied to solar power emulator, thus
providing the same DC input for both inverters. The injected
current of only one inverter was measured and 1-cycle RMS
values of fundamental component are presented in Fig. 12.
The combined fundamental current measured at the sending
end of the cable is shown in Fig. 13.
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Fig. 12. Inverter fundamental output current.
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Fig. 13. Fundamental line current.

It is evident from the presented graphs that solar power
inverters introduce some variations into measured current.
Moreover, 1 Hz oscillations of fundamental current are clearly
visible in the Fig. 12. These oscillations is the result of
operation of Maximum Power Point Tracking algorithm im-
plemented in inverters as “perturb and observe”.

Furthermore, considerable fluctuations are to be observed
at harmonic frequencies for both voltage measured close to
the transformer and load current. As an example, Fig. 14
and Fig. 15 demonstrate these quantities for 5th and 11th
harmonic orders, respectively. It can be concluded from the
presented graphs that voltage is exposed to deviations due to
the influence of background distortion.

Moreover, the operation of solar power inverters contributes
to significant variations of harmonic current and dynamic
pattern of a dominant non-linear load can be scarcely distin-
guished in Fig. 15. The estimates of 5th harmonic resistance
and reactance values based on the proposed methodology are
shown in Fig. 16. Clearly, the algorithm provides reasonably
stable estimate of both resistive and reactive parts of cable
impedance at this harmonic frequency. The calculated differ-
ence between extreme points is no more than 10 mΩ for R and
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Fig. 14. 5th harmonic voltage and current (1-cycle RMS).
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Fig. 15. 11th harmonic voltage and current (1-cycle RMS).

X which indicates that substantial part of the noise introduced
by background voltage distortion and solar power was filtered
out, whereas the operation of a dominant harmonic source
fully contributed to the determination of cable impedance.

At higher harmonic orders characterized by lower current
and voltage levels, the influence of noise becomes more pro-
nounced. To evaluate performance of this case, 11th harmonic
resistance and reactance estimates are plotted according to the
regime of operation and shown in Fig. 17 and Fig. 18. The
upper and lower bounds of boxes correspond to 75th percentile
and 25th percentile, respectively. Each box is based on 100 s
observation time. The red lines indicate median values. The
following regimes are considered:
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Fig. 16. 5th harmonic resistance and reactance values.

1) NL – only non-linear load operating;
2) 1 PV – first solar inverter switched on;
3) LD – changes in load demand;
4) 2 PVs - second solar inverter switched on and both are

now in operation;
5) LD (2) – changes in load demand

Refer to Fig. 13 for evaluation of different regimes in time.
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Fig. 17. Resistance at 11th harmonic.
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Fig. 18. Reactance at 11th harmonic.

From Fig. 17 it can be deduced that operation of PV
introduces variation into resistance estimates, however, this
variation was decreased during fast changes of load demand
indicating that estimate can be improved in noisy environ-
ment with low-excitation levels. One of the possible reasons
of improvement is increased correlation between current of
dominant harmonic source and its contribution to the voltage
distortion.

According to the results, the difference between two extreme
median values of resistance estimates is no more than 20 mΩ.
Further, Fig. 18 demonstrates that distribution of estimated
reactance values did not change significantly during the op-
eration of both PVs in comparison to the 1 PV regime. It is
interesting to note, that variance of reactance was minimal
during LD regime which potentially can indicate the most
accurate estimate with median value 0.11043 Ω. In contrast,
the largest deviations in reactance values correspond to LD
(2). The underlying reason is insufficient excitation of reactive
component of the cable during this particular regime of
operation. The absolute values of impedance magnitude at 11th
harmonic are shown in Fig. 19.
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Fig. 19. Magnitudes of 11th harmonic impedance.

V. DISCUSSION

A. Considerations on Estimation of Cable Impedance at Fun-
damental Frequency

In domestic low voltage distribution system the vast ma-
jority of loads are of a single-phase nature. These loads are
connected to different points along the feeder and, in a 4-
wire system can contribute to a certain extent to neutral
current. Thus, depending on the level of current unbalance, an
uneven line voltage drop can occur. In theory, it is possible to
compensate this effect by employing additional measurement
of current in the neutral conductor.

Fig. 20 conveys the idea of phase current compensation by
representing estimates of cable impedance. It follows from
the graph that impedance becomes slightly overcompensated
in comparison with fully balanced regime. One of the possible
reasons is existing leakage from neutral to the ground, which
makes actual current reading lower than it is. This implies that
in systems, where neutral is grounded at each connection point
this effect might become more pronounced.

Another important factor is the size of a neutral conductor,
i.e. its ratio to the phase wire. The underlying effect is
thoroughly described in [16] by calculating power losses
associated with neutral path. Therefore, it is proposed to
use cable impedance estimation algorithm only for harmonic
frequencies in case when large three-phase non-linear load
produces significant disturbance. It can be inferred from the
results of the laboratory experiment that influence of all other
small disturbance sources will be filtered out and case can be
treated as fully balanced.

Fig. 20. Fundamental cable impedance estimate for unbalanced and balanced
cases.

Second consideration is the impact of distributed generation
connected along the feeder of interest. If part of the fundamen-

tal current produced by distributed generation unit is consumed
by neighboring load and another part injected to the power grid
then there is no correlation between voltages at sending and
receiving end of the cable and load current. Thus, estimation
of fundamental cable impedance will give erroneous results.
This, however, does not hold for harmonic components, as
they tend to propagate from the point of connection of load to
the point of common coupling, thus the influence of dominant
harmonic source on harmonic voltage distortion at both ends
of the cable correlates with the injected harmonic current.

B. Limitations of the Method

As the proposed methodology makes use of single-phase
measurements, the strong current unbalance condition will
hinder the capability of the algorithm to accurately estimate
harmonic line impedance. This can be the case when dominant
source of the harmonic disturbance is of a single-phase nature,
therefore a fair engineering judgement is important when
employing natural variations of such load in practical low-
voltage distribution system.

Furthermore, the proposed methodology was developed and
tested for systems connected to the secondary winding of
transformer configured as ”grounded star”. It is expected that
in case of transformer’s ”delta” configuration no triplen har-
monics will flow in the system and consequently no reasonable
impedance values for associated frequencies can be obtained.

Moreover, the harmonic excitation level provided by the
dominant non-linear source should be sufficient in order to
perform correct distinction from other sources of the noise.
This requirement, however, is dependent on several specific
factors, for instance strength of the network and accuracy
of the measurement instrumentation. As a general rule, it
is recommended to use instruments with superior accuracy
levels which are capable of resolving frequency components
at frequencies higher than fundamental. Therefore, prior to
applying harmonic impedance estimation algorithm all the
frequency components with values below the uncertainty level
of instrumentation chain must be excluded from the calculation
procedure.

C. Applications

Two possible applications are foreseen for the described
algorithm. Firstly, it is an online estimation of the harmonic
impedance of low voltage distribution feeders, which is an
essential input for further Power Quality assessment pro-
cedures. It aims to facilitate evaluation of emission levels
of harmonic producing installations as well as their impact
on the voltage quality. Further, knowing accurate harmonic
impedances of cables can contribute to determining planning
levels of harmonic distortions and setting actual and fair limits.

Secondly, taking into consideration the concept of estimat-
ing correlation between the current of a dominant disturbance
source up to the point of its connection and associated har-
monic voltage drop, the proposed method can be utilized for
physical localization of the harmonic load. The connection
point of a dominant harmonic source along the feeder will
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determine segment of its impedance to be estimated. This
segment impedance in turn can be translated to the distance
using per km reactance and resistance values for certain cable
type and taking into consideration skin and proximity effect
influence.

VI. CONCLUSIONS

A novel non-invasive approach for estimating harmonic
impedance of low-voltage cable has been proposed. In com-
parison with existing invasive methods no external excitation
source is needed. The described technique can be directly
applied to loaded low-voltage feeders thus allowing to estimate
actual resistance and reactance values during operation of a
cable under the study. Proposed procedure utilizes synchro-
nized two-point measurements which provide an advantage
of accurately resolving imaginary part of cable harmonic
impedance in presence of fluctuating harmonics.

Only natural harmonic injections of one dominant non-
linear source are required as an input for the proposed tech-
nique. As these injections are typically difficult to fully distin-
guish from other harmonic producing loads and their impact on
voltage, an algorithm aiming to separate the contributions has
been developed. This algorithm is based on Welch averaged
periodograms, which filters out any uncorrelated signals and
increases signal-to-noise-ratio, thus overcoming the deficiency
of conventional non-invasive methods.

An output of the developed algorithm is a transfer function
which describes frequency response of LTI system. This
transfer function contains real and imaginary components at
different frequencies which correspond to harmonic impedance
values.

The performance of the method has been tested in laboratory
conditions, where a typical low-voltage distribution feeder was
set up together with several non-linear loads connected to it. It
was found out that estimated impedance values are reasonbly
stable at harmonic frequencies during three-phase balanced
injections of harmonic current. For 5th harmonic the variation
of resistance and reactance estimates was no more than 10 mΩ
and for 11th harmonic no more than 20 mΩ. However, the
estimate of fundamental frequency impedance might become
unreliable under certain circumstances.

The proposed algorithm demonstrated an ability to eliminate
possible influence of several connected loads on the final
values of cable harmonic impedance. This was achieved by
representing their impact as uncorrelated noise in the system
and calculating final impulse response based on the injections
of dominant harmonic source.

The uncertainty of measurement chain has been evaluated
with a conclusion that estimate of impedance magnitude can be
improved with increasing frequency due to better correlation
levels between voltage and current. For instance, the standard
uncertainty for fundamental impedance was 7.7 mΩ whereas
calculated value for 3rd harmonic was 3.8 mΩ.

As this method relies mainly on single-phase measurements,
a careful consideration should be given to the cases involving
strong current unbalance in order to avoid ambiguity of final
result.

Finally, the findings presented in this paper provide an
opporunity for further research concerned the localization of
non-linear loads in distribution systems. This is left for a future
work.
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