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Abstract: Equivalent power system impedance is an important electrical quantity from many points
of view. Areas in which this parameter plays an important role include, in particular: Voltage stability
analysis, power quality, or fault condition analysis. Power system impedance estimation in real
operation conditions can be performed by one of the non-invasive methods described by different
authors. This paper aims to investigate and compare seven different methods for power system
impedance estimation based on voltage and current variations measurement. After a brief description
of selected methods, these methods were applied for power system impedance estimation in the case
of two simple simulation tests and then in the case of three real measured data. Voltage and current
changes used for power system impedance estimation in real conditions were measured in high
voltage (HV) and medium voltage (MV) substations feeding steel mill with the electric arc furnace
(EAF) operation. As the results presented in this paper have shown, not all of the methods analyzed
are suitable for determining the power system impedance based on the fast step changes of voltage
and current that occur, for example, during an EAF operation. Indeed, some of the tested methods
were originally designed to determine the power system impedance from changes in voltages and
currents recorded at steady state.

Keywords: power system impedance; Thevenin equivalent; system impedance measurement

1. Introduction

Measuring and determining the power system impedance in real conditions is an
ever-evolving field of research. The reason is the fact that there is currently no uniform and
reliable methodology for determining the actual value of the power system impedance.
In the case of power system impedance, or Thevenin impedance (TI), it is necessary to
distinguish at least between two of its types. The first type of TI represents the power
system equivalent impedance in the case of steady-state conditions. This type of TI is
important to know, for example, for purposes of evaluation of the power system voltage or
static stability. The second type of TI represents the power system equivalent impedance
in the case of large rapid change in operating conditions, such as in the case of fault
occurrence. The difference between these two types of TI depends on the influence of
the behavior of synchronous and asynchronous machines as well as of a load in general.
In the case of steady-state conditions, the behavior (or impedance) of synchronous and
asynchronous machines as well as of a load, in general, is different as in the case of large
rapid voltage change occurrence, for example during close-to-fault conditions. On the other
hand, in the case of nodes electrically far from synchronous and asynchronous machines,
these two types of Thevenin impedances become one. An influence of different load types
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(modeled as constant impedance, constant current, or constant power) to the power system
(Thevenin) impedance monitoring is discussed in [1]. The effect of load active and reactive
power change on the power system’s TI is discussed in [2]. Few works are dealing with
the power system impedance evaluation for purposes of voltage stability analysis using
different techniques [3–6]. Analysis of the influence of wind power station on the power
system’s Thevenin equivalent impedance is discussed in [7]. In [8], authors describe the
method for TI estimation of concerned power system areas using data measured with
phasor measurement units (PMU) and the impedance matrix of the known part of the
power system.

Knowing the actual value of the power system impedance during specific or standard
operating conditions also has a major impact in assessing the feedback effects of new and
existing electrical equipment on power quality. For example, static var compensators (SVC)
or other types of flexible alternating current transmission systems (FACTS) are often used
to eliminate the negative impact of other electrical devices on the level of voltage quality.
Suppliers of such FACTS devices generally declare the positive effect of these devices on
power quality with respect to the maximum value of the power system impedance (mainly
with respect to short-circuit impedance or short-circuit power).

The maximum, as well as the minimum, short-circuit power, as well as the short-circuit
impedance in accordance with [9], represent theoretical values determined by calculation
for network configurations leading to maximum or minimum short-circuit power, or to
minimum short-circuit currents. The results of the comparison of the value of short-
circuit power (or power system impedance) in different nodes of the power system during
island operation presented in [10] showed a correlation between theoretical calculations
performed according to [9] and values determined from the measurement of voltage and
current jumps. However, in the case of real operation, the actual value of the equivalent
short-circuit impedance of the network varies between the values determined for the
minimum and maximum short-circuit current (power).

Non-invasive methods of determining the actual value of the power system impedance
are mostly based on determining the voltage change at a given location of the network
due to measured current change (mostly of the load current) [11–19]. A common problem
of individual methods, which they have to deal with, is the fact that in a given place
of the network, there is a voltage fluctuation even without measured current changes.
The response of the power system to the same load current change is not always the same
due to the fact that there may be a sudden increase or decrease in the current of parallel
(unmeasured) load, a sudden change in the value of the power system impedance, or a
change in the voltage of an equivalent voltage source, during the measured current change.
For this reason, the individual methods are based on the statistical evaluation of a larger
number of samples. An interesting approach to evaluate the network impedance at the
generator terminals using PMU is given in [20]. Methods for the Thevenin equivalent of
the power system impedance based on data measured by PMU are also described in [21,22].
A related area of research is focused on determining the power system impedance in the
event of faults, while by identifying the size of the power system impedance between the
source and the place of fault, it is possible to locate the fault [23,24]. Invasive methods
are usually based on the specific signal injection to the measurement point. By evaluation
of the voltage and currents at specific frequencies, it is possible to find power system
impedance in the frequency domain. A method for real-time power system impedance
identification with very good accuracy with its application in low-voltage power system
is described in [25]. A method applying line-to-line injected test signals for high-voltage
power system impedance identification is described in [26]. The identification of the power
system impedance by injecting a specific signal into the network described in [27] is also
an interesting and promising approach, but it requires solving other types of problems
such as resonance phenomena or noise in the measured signal. Implementation of the
pseudo-random binary sequence (PRBS) into the control loop of a grid-connected inverter
to power system impedance estimation under unbalanced grid conditions is described
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in [28]. The power system impedance estimation method in the case of applications,
in which distributed generators are connected to the grid through three-phase inverters,
based on variations in active and reactive power injected by the inverters into the power
system, is described in [29].

In the study of the scientific literature dealing with the estimation of power system
impedance in real conditions, we usually encounter that the authors describe new or
modified methods. In their work, these methods verify specific simulated or measured data.
However, it is not common to compare the effectiveness of different methods by applying
them to the same set of data. However, individual methods power system impedance
estimation have their limitations, which may not result from their application to a specific
type of data. The purpose of this paper is to compare the results of estimating (determining)
the power system impedance, obtained by applying seven different methods to the same
set of measured data. In the case of this article, we deal with determining the power system
impedance based on the evaluation of sudden changes in the root mean square (RMS)
value and angle of voltage and current, which can be observed, for example, in nodes
(substations) supplying steel mills, or customers with very variable loads. By applying
seven different methods to this type of data, it is possible to verify their suitability for use
on this type of data or to determine certain limitations of individual methods.

Section 2 describes the selected seven different methods for determining the equiv-
alent power system impedance. In the case of method no. 5, in addition, this article
introduces improvements related to the filtering of data entering the final statistical evalua-
tion, which were not mentioned in its description in [16].

A simple code was created in the MATLAB program, with which it was possible to
apply individual methods to the same set of data of RMS values and angles of voltages and
currents. Section 3 deals with the evaluation of the results of determining the power system
impedance obtained using individual methods on simulated as well as real measured data.
The discussion in Section 4 summarizes the conclusions as well as a description of the
suitability or unsuitability of individual methods for their application to the investigated
type of data (operating conditions).

2. Principle and Methods for Power System Impedance Evaluation

Power system impedance is mainly connected with the Thevenin equivalent of positive
sequence impedance between the given node and the equivalent voltage source. Figure 1
shows two principle single-line diagram models used by the wider scientific community
in theories leading to power system impedance identification based on real measured or
simulated data, where

.
E is the equivalent voltage source,

.
ZS is the equivalent (Thevenin)

power system impedance,
.
ZL is the impedance of load at which measurement of voltage

.
V

and current
.
I is realized and

.
ZC is the impedance of parallel (unmeasured) load.
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Figure 1. Single-line diagram of simple impedance model for power system impedance identification: (a) Model without
the parallel load consideration; (b) model with the parallel load consideration.

According to Figure 1a, it is possible to state the following Equations (1) and (2)

.
V =

.
E−

.
ZS ·

.
I (1)
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.
V =

.
ZL ·

.
I (2)

There are two unknown variables in Equation (1)
.
E and

.
ZS in the case of known

(measured) variables
.

V and
.
I (which mainly represent positive sequence voltage and

current). If we assume
.
E and

.
ZS as unknown variables, it is necessary to have almost two

different samples of
.

V and
.
I to find

.
ZS. Unfortunately,

.
E and

.
ZS do not have to be constant

during a real measurement. Different authors present different methods to find
.
ZS from

the set of measured
.

V and
.
I. There are 7 different methods for power system impedance

evaluation described in the next Sections 2.1–2.7.

2.1. Method No. 1

Method No. 1 was presented in 1997 by Srinivasan, Lafond, and Jutras [11]. Their con-
siderations were based on the concept of a simplified model of the power system, according
to Figure 1a. Equations (1) and (2) are rewritten in Equations (3) and (4), which are then
expressed by derivation of each quantity in time in the form of Equations (5) and (6):

.
E/

.
I −

.
ZS =

.
V/

.
I, (3)

.
ZL =

.
V/

.
I, (4)

δ
.
E/

.
I − δ

.
ZS = δ

.
V/

.
I +

( .
E−

.
V
)
· δ

.
I/

.
I

2
, (5)

δ
.
ZL = δ

.
V/

.
I −

.
V · δ

.
I/

.
I

2
. (6)

Based on the consideration that the change of the network impedance, as well as the
change of the voltage of the equivalent source, are not related to the change of the load

impedance, i.e., that δ
.
ZS · δZ∗L = 0 and δ

.
E · δZ∗L = 0, the authors expressed the following

relationship for calculating the power system impedance by multiplying Equations (5) and
(6) and adjusting [11]:

.
ZS =

(
I∗ ·

.
RVV −V∗ ·

.
RVI

)
/
(

V∗ ·
.
RI I − I∗ · R∗VI

)
, (7)

where
.

X is equal mean of variable
.

X,

X∗ is equal complex conjugate of variable
.

X,
.
RXY is equal the mean of the product

.
X ·Y∗.

This method was applied for positive sequence power system impedance computation
from positive sequence voltage and current samples in this paper.

2.2. Method No. 2

Method No. 2 was presented in 2007 by Timbus, Rodrigues, Teodorescu, and Ciob-
otaru [12]. This method was based on the detection of dq components of voltage

.
V and

load current
.
I. Authors state that the resistance and reactance of power system impedance

can be expressed for every two samples of dq components of both voltage and current
as follows:

RS =
[(

Vq, n −Vq, n+1

)
·
(

Iq, n − Iq, n+1

)
+
(
Vd, n −Vd, n+1

)
·
(

Id, n − Id, n+1
)]

/
[(

Iq, n − Iq, n+1

)2
+
(

Id, n − Id, n+1
)2
]

, (8)

XS =
[(

Vd, n −Vd, n+1
)
·
(

Iq, n − Iq, n+1

)
+
(

Vq, n −Vq, n+1

)
·
(

Id, n − Id, n+1
)]

/
[(

Iq, n − Iq, n+1

)2
+
(

Id, n − Id, n+1
)2
]

. (9)
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Voltage and current dq components of the n-th sample can be calculated from their
αβ components as follows:

Vd, n =
√

V2
α, n + V2

β, n · cos
(

tan−1(Vβ, n/Vα, n)− θ
)

,

Vq, n =
√

V2
α, n + V2

β, n · sin
(

tan−1(Vβ, n/Vα, n)− θ
)

,

Id, n =
√

I2
α, n + I2

β, n · cos
(

tan−1(Iβ, n/Iα, n)− θ
)

,

Iq, n =
√

I2
α, n + I2

β, n · sin
(

tan−1(Iβ, n/Iα, n)− θ
)

,

where θ represents a general reference rotating frame.
Because this method was applied to a set of RMS values and angles of voltages and

currents measured during each period, the general reference rotating frame θ was set to 0
for each sample.

2.3. Method No. 3

Method No. 3 was presented in 2009 by Arefifar and Xu [13]. Authors described an
analytical solution of the three-point method, which was based on the identification of
three-time samples for which

.
E, RS, and XS are constant during the measurement. If we

consider 0 angle of current and complex voltage
.

V at each sample according to this method
XS is calculated as a function of RS, as follows [13]:

XS = M · RS + N. (10)

where
M = (B · F− A · G)/(D · F− A · K),

N = (A · L + F · C− A · H − P · F)/(D · F− A · K),

A = I2
n − I2

n+1,

B = 2 ·
(

In · Re
{ .

Vn

}
− In+1 · Re

{ .
Vn+1

})
,

C =
(

Re
{ .

Vn

})2
−
(

Re
{ .

Vn+1

})2
,

D = 2 ·
(

In+1 · Im
{ .

Vn+1

}
− In · Im

{ .
Vn

})
,

P =
(

Im
{ .

Vn+1

})2
−
(

Im
{ .

Vn

})2
,

F = I2
n − I2

n+2,

G = 2 ·
(

In · Re
{ .

Vn

}
− In+2 · Re

{ .
Vn+2

})
,

H =
(

Re
{ .

Vn

})2
−
(

Re
{ .

Vn+2

})2
,

K = 2 ·
(

In+2 · Im
{ .

Vn+2

}
− In · Im

{ .
Vn

})
,

L =
(

Im
{ .

Vn+2

})2
−
(

Im
{ .

Vn

})2
.

According to this method RS can be found as a real solution of the simple second-order
equation:

A · (1 + M2) · R2
S + (B + 2 · A ·M · N − D ·M) · RS + (C + A · N2 − D · N − P) = 0. (11)



Energies 2021, 14, 63 6 of 22

Equation (11) has been derived based on the assumption that the system side param-
eters remain unchanged for three different system conditions, and if for any reason the
system side parameters vary for the three points, (11) is meaningless and will not have any
solution.

After calculating RS and XS can be calculating and only variables that meet the
following rules will be statistically evaluated:

• RS and XS should always be positive,
• XS/RS should have feasible values.

In this paper, we consider feasible values XS/RS ≥ 5 for 110 kV voltage level and
XS/RS ≥ 2 for 22 kV voltage level. We used this method for our analysis—even the
author’s state in [13] that this three-point method was very sensitive to noise and transients
in voltage and current measurement, and they recommended to extend the three-point
method by including six or more measurement points through least square fitting.

2.4. Method No. 4

Method No. 4 was presented in 2010 by Bahadornejad and Nair [15] to estimate
power system (Thevenin) impedance based on voltage and current changes measurement
through on-load tap changer action of the power transformer. Although this method
has been proposed to estimate power system impedance base on voltage and current
changes measurement through on-load tap changer action, it brings an interesting statistical
approach for power system impedance determination even for cases of large rapid current
step changes. After modification of assumption of more than one tap action to more than
one rapid current step change, we get for k-rapid current changes:

k

∑
n=1

(
∆En · ∆

.
ZL, n

)
=

k

∑
n=1

(
∆

.
Vn · ∆

.
ZL, n

)
+

.
ZS ·

k

∑
n=1

(
∆

.
In · ∆

.
ZL, n

)
. (12)

If we consider no correlation between load impedance changes and equivalent voltage

source changes, i.e.,
k
∑

n=1

(
∆En · ∆

.
ZL, n

)
= 0, then:

.
ZS = −

k

∑
n=1

(
∆

.
Vn · ∆

.
ZL, n

)
/

k

∑
n=1

(
∆

.
In · ∆

.
ZL, n

)
. (13)

Equation (13) was used to positive sequence power system impedance evaluation
based on 2500 samples of largest RMS current changes, where ∆

.
Vn is positive sequence

voltage change in case of n-th positive sequence current change at place of load connection,
∆

.
In is n-th positive sequence current change of load and ∆

.
ZL, n is the is positive sequence

load impedance change in case of n-th current change.

2.5. Method No. 5

Method No. 5 was presented in 2010 by Kanálik and Kolcun [16]. This method was
very simple and was based only on the statistical evaluation of Equation (14) for positive
sequence voltage and current changes:

.
ZS = −∆

.
V/∆

.
I = −

( .
Vn −

.
Vn−1

)
/
( .

In −
.
In−1

)
. (14)

The power system impedance was determined as a median of a set of values given by
Equation (14). There was no recommendation for the minimum or the maximum number
of samples to include in the statistical evaluation of Equation (14) in [16], but in the case
of 10,000 samples, the best result for 2500 samples of largest RMS current changes was
achieved. In the case of this paper, 2500 samples of the largest RMS current changes
from 10,000 of total samples have been taken into account for power system impedance
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determination according to Equation (14). In addition, only samples, the following rules
were taken into account for the median of a set of values evaluation:

• RS and XS should always be positive,
• XS/RS should have feasible values.

In this paper, we consider feasible values XS/RS ≥ 5 for 110 kV voltage level and
XS/RS ≥ 2 for 22 kV voltage level.

2.6. Method No. 6

Method No. 6 was presented in 2014 by Eidson, Geiger, and Halpin [17]. This method
was based on the negative sequence voltage

.
V(2) and current

.
I(2) changes. This method

was based on the assumption that the negative sequence component of the power sys-
tem impedance equals its positive sequence component. The equivalent power system
impedance, according to this assumption, can be found as [17]:

.
ZS =

( .
V(2), n −

.
V(2), n−1

)
/
( .

I(2), n−1 −
.
I(2), n

)
. (15)

By separating the real and imaginary parts, the above equation can be written in the
following matrix notation [17]: [

RS
XS

]
= [H]−1 · [y], (16)

where

[y] =

 Re
{ .

V(2), n

}
− Re

{ .
V(2), n−1

}
Im
{ .

V(2), n

}
− Im

{ .
V(2), n−1

} ,

[H] =

 Re
{ .

I(2), n−1

}
− Re

{ .
I(2), n

}
Im
{ .

I(2), n

}
− Im

{ .
I(2), n−1

}
Im
{ .

I(2), n−1

}
− Im

{ .
I(2), n

}
Re
{ .

I(2), n−1

}
− Re

{ .
I(2), n

} .

The evaluation of RS and XS was provided as the median of a set of values given by
Equation (16) for 2500 samples of largest positive sequence RMS current changes (for same
samples as in methods No. 1, 2, 4, and 5).

2.7. Method No. 7

Method No. 7 was presented in 2019 by Wang, Xu, and Yong [18]. This method

was based on the determination of
.
Z
′
S, which was the power system impedance, includ-

ing changes, i.e.,
.
Z
′
S =

.
ZS + ∆

.
ZS. According to [18]

.
Z
′
S can be found as follows:

.
Z
′
S = ∆E/∆

.
I − ∆

.
V/∆

.
I. (17)

The value ∆E represents the 95 percentile of possible equivalent voltage source vari-
ation without the effect of load impedance variation. It can be found from samples of
∆

.
Vn = ∆

.
Vn+1 − ∆

.
Vn meeting the condition:

∆ZL =
∣∣∣ .
ZL, n+1 −

.
ZL, n

∣∣∣/∣∣∣ .
ZL, n

∣∣∣ < 0.1%,

where ∆
.
ZL is the positive sequence load impedance and n = 1, 2, . . . , N represents the

measurement samples.
Power system evaluation, according to Equation (17), after the ∆E determination is

then provided only for samples meeting the condition:∣∣∣∆E/∆
.

Vn

∣∣∣ < ε,
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where ε is the acceptable error. In this paper, ε was selected as 15%, which, according to [18],
means the error caused by the system variation is expected to be smaller than 15% with
95% possibility.

This method was applied for all samples of positive sequence voltage and current
variations in this paper.

3. Application of Power System Estimation Methods on Simulated and Real Data

As mentioned above, the determination (estimation) of the power system impedance in
real conditions, from real measurements of voltage and current changes at load, was based
on the statistical evaluation of a larger amount of data in individual methods. The reason
was the fact that the recorded voltage change at a particular load current change was to a
greater or lesser extent (depending on the circumstances) also affected by a voltage change
of the equivalent voltage source or by a natural change in the value of the equivalent power
system impedance itself. The changes in the voltage of the equivalent voltage source or
changes in the value of the equivalent power system impedance itself were not related to
changes in the impedance of the measured load.

Due to the different approaches to determining the power system impedance within
the individual methods described above, the outputs of these methods were compared with
the known value of the power system impedance by a simple simulation test, the results
of which are given in Section 3.1. Subsequently, the individual methods were applied to
determine the power system impedance in the case of three real measurements. The results
of power system impedance calculations in the case of real measurements are described in
Section 3.2.

3.1. Simple Simulation Test

Testing of individual methods was performed using 2 simple power system models
shown in Figure 1 created by MATLAB script. In the case of both models, the constant
power system impedance

.
ZS = (0.5 + j4) Ω was considered. Within the power system

model according to Figure 1a, the line-to-line voltage value of the equivalent voltage source
changed randomly in the interval of 118 kV ± 0.1 kV, and the load impedance

.
ZL changed

randomly in the interval of (300ej23.1◦ ± 12) Ω (only resistive part) within the 1st quarter
simulated data and in the interval (300ej23.1◦ ± <−70; 9>) Ω (only resistive part) within the
remaining three-quarters of the simulated data. In the case of the network model, according
to Figure 1b, the line-to-line voltage of the equivalent voltage source and load impedance
changed randomly at the same intervals as in Case 1 (a), but in addition, the parallel load
impedance

.
ZC also changed randomly in the interval of (500ej18.2◦ ± 12) Ω. The total

number of samples generated in each simulation was 1e4.
Figures 2–4 show the time courses of the RMS voltage, the load impedance, as well

as the RMS current of load in the case of a simulation carried out using a model without
considering a parallel load (according to Figure 1a). Figure 2 shows the variation of the
RMS voltage of the voltage source and of the voltage at the load. From the 2500th sample,
there was a more pronounced variation in the load impedance (see Figure 3), which was
reflected in an increase in the variation of the RMS voltage V.

Table 1 shows the results of the evaluation of the power system impedance calculation
using the individual methods applied by MATLAB script to the data shown in Figures 2–4.
Among all considered the methods described in Section 2, method No. 3 and method No. 6
were not applied for this analysis. In the case of method No. 3, the simulated data reached
unrealistic results, probably due to the insufficient number of 3 consecutive samples with a
constant value of load impedance. Determination of the power system impedance in the
case of method No. 6 was based on analyzing the change in the negative sequence of the
voltage and current, but the simulated data representing voltage and current changed only
in a positive sequence. Calculation of the power system impedance using methods No.
1 to 5 was realized on the basis of the selection of 2500 samples with the largest current
change. Only 1515 samples from selected 2500 samples met the criteria of the required
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impedance (RS > 0 and XS/RS ≥ 5) in the case of method No. 5. In the case of method
No. 7, all simulated samples were included in the calculation, but only 9 samples met the
specified calculation criteria (∆ZL < 0.1% and ε ≤ 15%). As can be seen from the results in
Table 1, all the methods tested led to the determination of the power system impedance
(not only the size but also the RS/XS ratio) with very good accuracy. The most accurate
value of the power system impedance (set to value

.
ZS = (0.5 + j4) Ω) from the evaluated

data was determined by method No. 1, and the least accurate value was determined using
method No. 7 (however, due to the final number of samples (9) entering the calculation,
the accuracy of the resulting value was excellent).

Table 1. Statistical evaluation of power system impedance evaluation by application of particular methods on data simulated by the
model without the parallel load consideration.

Method 1 Method 2 Method 4 Method 5 Method 7

Samples 2500 2500 2500 1515 9
.
ZS (Ω) 0.4840 + j3.982 0.4714 + j3.966 0.4836 + j3.980 0.4501 + j3.942 0.5575 + j4.086

Error (%) −0.50 −0.91 −0.58 −1.58 2.29
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Figure 4. Time course of RMS current of load in the case of the model without the parallel load consideration.

Figures 5–7 show the time courses of the RMS voltage, the load impedance as well as
the RMS current of load in the case of a simulation carried out using a model considering a
parallel load (according to Figure 1b). Figure 5 shows the variation of the RMS voltage of the
voltage source as well as of the voltage at the load. In addition, in this case, there was a more
significant fluctuation of the load impedance

.
ZL from the sample of 2500 (see Figure 6),

which was reflected in an increase in the fluctuation of the RMS voltage V.
Table 2 shows the results of the evaluation of the power system impedance calculation

using the individual methods applied to the data shown in Figures 5–7. Among all the
considered methods described in Section 2, also in this case method No. 3 and method
No. 6 were not applied for this analysis due to the same reasons as in the previous case.
Calculation of the power system impedance using methods No. 1 to 5 was realized on
the basis of the selection of 2500 samples with the largest current change. Only 1458
samples from selected 2500 samples met the criteria of the required impedance (RS > 0
and XS/RS ≥ 5) in the case of method No. 5. In the case of method No. 7, all simulated
samples were included in the calculation, but only 11 samples met the specified calculation
criteria (∆ZL < 0.1% and ε ≤ 15%). As can be seen from the results in Table 2, even in
this case all the methods tested led to the determination of the power system impedance
(not only the size but also the RS/XS ratio) with very good accuracy (the value of power
system impedance was set to

.
ZS = (0.5 + j4) Ω in the model). The most accurate value of

the power system impedance from the evaluated data was determined by method No. 1, 2,
4, and the least accurate value was determined using method No. 7 (however, due to the
final number of samples (11) entering the calculation, the accuracy of the resulting value
was excellent also in this case).
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Table 2. Statistical evaluation of power system impedance evaluation by application of particular methods on data simulated
by the model with the parallel load consideration.

Method 1 Method 2 Method 4 Method 5 Method 7

Samples 2500 2500 2500 1458 11
.
ZS (Ω) 0.5118 + j3.959 0.5090 + j3.960 0.5118 + j3.958 0.4880 + j3.918 0.5609 + j4.143

Error (%) −0.98 −0.96 −0.99 −2.05 3.71

3.2. Real Measurement Test

The application of individual methods for determining the power system impedance
from real measured data was realized using 3 measurements of the time course of the RMS
value and the angle of voltage and current in 110 kV, and at a 22 kV substation supplying a
steel mill with an electric arc furnace (EAF) operation.

In the case of the first 2 measurements, it was the same measuring point (supplying the
Steel mill 1), but under different conditions in the 110 kV distribution grid configuration.
A single-line diagram for measurement No. 1 and 2 is shown in Figure 8a. Based on
information from the distribution system operator, the level of short-circuit power within
the considered 110 kV substation, depending on the configuration of the power system
and the operation of the sources, can range from 1000 MVA to 3700 MVA. According to the
assumptions of the distribution system operator, the configuration of the power system
at the time of measurement No. 1 led to the value of short-circuit power in the 110 kV
substation to the level from 2800 MVA to 3200 MVA, which represents the value of the
power system impedance in the interval 4.2 Ω to 4.8 Ω. Power system configuration at the
time of measurement No. 2 led, according to the assumptions of the distribution system
operator, to the value of short-circuit power in the 110 kV substation to the level from
1600 MVA to 1900 MVA, which represents the value of the network impedance in the
interval 7.0 Ω to 8.3 Ω.

In the case of the 3rd measurement, it was a measuring point in the 22 kV substation,
from which Steel mill 2, also with the operation of the arc furnace, was supplied. A single-
line diagram for measurement No. 3 is shown in Figure 8b. The 22 kV substation was
supplied from the 110 kV distribution system only through one 110/23 kV transformer
with a nominal power of 16 MVA, a short-circuit voltage of 10.7%, and nominal load losses
of 77.5 W. The maximum value of short-circuit power on the 22 kV busbar of this substation
was guaranteed at the level of 148 MVA, which represents a power system impedance
of approximately 3.6 Ω. Since the positive sequence impedance of the transformer T3
represents a value of 3.48 Ω (according to Section 6.3 of IEC 60909-0: 2016), the measured
value of the power system impedance should not fall below this value.

In the case of all 3 measurements, 10 min recordings of RMS values and angles of
voltages and currents of the fundamental frequency (50 Hz) with a recording interval of 1
period (0.02 s) were performed. The total number of recorded and thus evaluated data was
30,000 samples for each measurement.

Figures 9 and 10 show the time courses of the RMS values of voltages and cur-
rents, or angles of voltages and currents in all 3 phases measured in measurement No. 1.
Within the first 240 samples, it was possible to observe the magnitude of the voltage as well
as the level of its fluctuation without the operation of the EAF (in Figure 9). Subsequently,
it was possible to observe the effect of the RMS current variation on the variation of the
RMS voltage during the operation of the EAF.
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Figure 10. Time course of angles of voltage and current measured during measurement No 1.

Figures 11 and 12 show the time courses of the RMS values of voltages and currents,
or angles of voltages and currents in all 3 phases measured in measurement No. 2. In this
case, it was possible to observe the magnitude of the voltage as well as the level of its
fluctuation without the operation of the EAF within 4 significant intervals (see Figure
11). In addition, it can be seen in Figure 11 the effect of fluctuations in RMS current on
fluctuations in RMS voltage during EAF operation.
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Figure 12. Time course of angles of voltage and current measured during measurement No. 2.

Figures 13 and 14 show the time courses of the RMS values of voltages and currents,
or angles of voltages and currents in all 3 phases measured in measurement No. 3. In ad-
dition, in this case, it was possible to observe the magnitude of the voltage as well as the
level of its fluctuation without the operation of the arc furnace within 4 more significant
intervals (see Figure 13), as well as the effect of fluctuations in RMS current on fluctuations
in RMS voltage, can also be observed.
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The evaluation of the power system impedance was performed using all 7 considered
methods from the measured data. Methods No. 3 and No. 7 were designed to consider
only data meeting the assumptions of these methods from the whole data set. In the case of
other methods, only samples corresponding to 2500 of the largest step changes in the RMS
value of the positive sequence current were considered for the power system impedance
evaluation. Because method No. 6 was designed to evaluate power system impedance
based on step changes of the negative sequence voltages and currents, we applied this
method for 2 different sets of 2500 samples. The 1st set of 2500 samples was the same
as for the other methods (i.e., corresponding to 2500 of the largest step changes in the
RMS value of the positive sequence current), and we labeled this approach as 6a. The 2nd
set of 2500 samples was corresponding to 2500 of the largest step changes in the RMS
value of the negative sequence current, and we labeled this approach as 6b. Table 3 shows
the final numbers of samples from which the power system impedance calculations were
performed by individual methods in the case of measurements No. 1 to 3. Subsequently,
Tables 4–6 show the results of the calculations of resistance (RS), reactance (XS), and the
magnitude of the total power system impedance (ZS) calculated for each measurement
using the individual methods. Asterisks (*) in these tables indicate values that did not meet
the assumptions or represent an unrealistic value.

Table 3. The number of samples used in power system impedance evaluation by application of
particular methods on real measured data.

Method 1 2 3 4 5 6a 6b 7

Meas. No. 1 2500 2500 8439 2500 673 2500 2500 19
Meas. No. 2 2500 2500 9794 2500 806 2500 2500 1108
Meas. No. 3 2500 2500 12,611 2500 1249 2500 2500 138
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Table 4. Statistical evaluation of resistance (RS) in ohms of power system impedance by application
of particular methods on real measured data.

Method 1 2 3 4 5 6a 6b 7

Meas. No. 1 1.1224 1.4084 1.6856 1.0874 0.1846 1.0478 1.2856 0.4616

Meas. No. 2 2.1009 0.9179 2.1834 12.9282
* 0.0645 2.7043 2.2281 1.5068

Meas. No. 3 −0.1946
* 1.0624 2.5577 44.1824

* 0.6966 0.6613 0.6428 0.2942

* Values that did not meet the assumptions or represent an unrealistic value.

Table 5. Statistical evaluation of reactance (XS) in ohms of power system impedance by application
of particular methods on real measured data.

Method 1 2 3 4 5 6a 6b 7

Meas. No. 1 4.4670 4.2664 4.5992 4.3657 4.7917 3.7150 3.4348 5.0577

Meas. No. 2 6.2320 6.1379 10.8349
*

−13.1974
* 7.8359 5.2076 5.2801 8.3783

Meas. No. 3 3.6684 0.5552
* 3.5206 18.9448

* 3.7317 3.4104 3.4288 4.2779

* Values that did not meet the assumptions or represent an unrealistic value.

Table 6. Statistical evaluation of the magnitude of power system impedance (ZS) in ohms by
application of particular methods on real measured data.

Method 1 2 3 4 5 6a 6b 7

Meas. No. 1 4.606 4.493 4.898 4.499 4.795 3.860 3.668 5.079

Meas. No. 2 6.577 6.206 11.053
*

18.475
* 7.836 5.868 5.731 8.513

Meas. No. 3 3.674 1.199
* 4.352 48.073

* 3.796 3.474 3.489 4.288

* Values that did not meet the assumptions or represent an unrealistic value.

The results of the power system impedance determined by individual methods in the
case of 3 sets of real measured data presented in this article show their greater ambiguity,
as it was in the case of their application to simulated data (described in Section 1).

In the case of measurement No. 1, it was possible to observe the results of the
calculation within the expected interval (4.2 Ω to 4.8 Ω) within methods No. 1 to 5.
However, even in the case of methods No. 6 and 7, a realistic value was determined. A
possible reason for a larger deviation of the calculated value of the power system impedance
from other methods in the case of method No. 6 was the fact that this method was based
on the assessment of the change in the negative sequence of voltage and current, while the
samples selected for analysis has been selected on the basis of the largest positive sequence
current changes. In the case of method No. 7, it met the specified calculation criteria
(∆ZL < 0.1% and ε ≤ 15%) with only 19 samples, which was relatively small out of the
total number of 30,000 samples.

Measurement No. 2 pointed out a more fundamental problem in the application of
methods No. 3 and 4 for a given data set. In these 2 cases, too high values of the power
system impedance, and in the case of method No. 4, negative power system reactance
values were calculated. Other methods led to the calculation of the realistic value of the
power system impedance, although the results of the calculation obtained using methods
No. 2 and 6 were more pronounced than the expected value.

Measurement No. 3 was realized in a substation, within which it was clear that the
magnitude of the power system impedance could not be less than 3.48 Ω and at the same
time, it was not assumed that the value of 4.8 Ω should not be exceeded. In this case,
the expected results were obtained using methods No. 1, 5, and 6, although in the case of
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method No. 1, a negative network resistance value was determined. Since this value was
close to 0, it can be assumed that this was a certain statistical deviation within the selected
data set. Although impedance values obtained by methods No. 3 and 7 represented a
realistic value, they moved more significantly from the expected result. Methods No. 2 and
4 completely failed in this case.

Among the analyzed methods, methods No. 1 and No. 5 seemed to be the most
suitable for power system impedance estimation based on fast voltage and current changes
measurements. Nevertheless, based on the obtained results, it is not possible to say
unequivocally that these 2 methods are more suitable or less suitable for determining the
power system impedance within a wide range of measured data. In this context, it should
be emphasized that the individual methods have been applied to a specific type of data
measured during the operation of EAF. Methods No. 3 and 7 were designed to determine
the power system impedance within the standard steady-state operation, within which,
for example, it would not be possible to apply method No 5.

4. Discussion

A very important question in the case of the power system (Thevenin) impedance
finding is what kind of impedance we are interested in and the reason for this impedance
identification. Different size of power system impedance can be evaluated from the rapid
voltage and current change, where subtransient reactances of synchronous machines or reac-
tion of induction motors are included, and a different size of power system impedance can
be evaluated from the comparison of steady-state voltage and current changes, where no
subtransient reactances of synchronous machines or reaction of induction motors are in-
cluded. In addition, voltage regulation can also affect the result. If the interests of power
system impedance deals with the power system weakness or with the initial short-circuit
current (power) identification, rapid changes of voltages and currents should be used
for the analysis. For this reason, the success of methods for power system impedance
identification depends on the size of the measured current change in comparison to the
current change of other currents (loads) affected measured voltage change. Voltage changes
recorded due to current changes in all three sets of data presented in this paper are large
enough to find positive sequence power system impedance representing to the behavior of
the power system in case of rapid current changes. On the other hand, the operation of EAF
leads to a change in the current more than once per cycle. Due to EAF operation (mainly at
the beginning of each duty cycle), changes in load impedance occur a few times per cycle
and are not symmetrical. This fact causes very large current waveform deformation, i.e.,
50 Hz RMS voltage and current changes can be skewed.

Based on the above-presented results and facts, it is possible to state the following
properties of particular methods analyzed in this paper:

• Method No. 1 seems to be suitable for power system impedance estimation based on
rapid voltage and current changes. There is no selection of data meeting any criteria
in this method, thus some noise in the data can affect the result.

• In the case of method No. 2, the inaccurate results can be obtained in the case of an
unbalanced three-phase system, which leads to oscillation of α and β components
even in steady-state, i.e., without the change in load impedance or current.

• Method No. 3 was not suitable for power system impedance estimation based on
rapid voltage and current changes. In addition, the authors of this method recommend
extending the solution based on a three-point to at least a six-point solution [13].

• Nevertheless, method No. 4 was very successful in the case of a simulation test
of power system impedance identification; it totally failed in the case of real mea-
sured data application. The problem of this method could be solved in the future
by proposing additional criteria for the selection of samples entering into the calcu-
lation. The selection of suitable samples in this case obviously cannot be based only
on the magnitude of RMS current the step change. Even a small number of large but
inadequate changes in load impedance (∆

.
ZL, n), as well as in RMS voltage (∆

.
Vn) cor-
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responding to selected current step changes, can significantly affect the overall result.
As an example of increasing the accuracy of this method, we present the fact that
after removing 5% of samples with the highest values ∆

.
Vn, ∆

.
ZL, n, and ∆

.
In, ∆

.
ZL, n,

the following three impedance values were obtained for individual measurements
using this method:

◦
.
Zs = (1.098 + j4.307) Ω in the case of measurement No. 1,

◦
.
Zs = (1.365 + j7.247) Ω in the case of measurement No. 2,

◦
.
Zs = (1.249 + j1.652) Ω in the case of measurement No. 3,

These values came significantly closer to the expected values. The emphasis on deter-
mining the criteria for selecting suitable samples can contribute to a significant extension
of the applicability of this method in the future.

• Although method No. 5 is very simple, this method seems to be very strong for
purposes of power system impedance estimation based on rapid voltage and current
changes. In the case of this method, it is necessary for the future to focus on determin-
ing the criteria for determining the minimum value of the RMS current step change for
the selection of suitable samples of data. The recent criterion for suitable data selection
does not analyze the extent of the effect of RMS current step change on RMS voltage
step change. If there were RMS voltage step changes at the level of RMS voltage step
changes without measured current (or similar to RMS current step change close to
zero) in the case of selected RMS current step changes, the results of the power system
impedance calculation would be very inaccurate. The analysis of the variation of the
RMS voltage in a given node without the influence of the measured load seems to be
key for estimating the applicability of this method in specific conditions.

• In the case of method No. 6, significantly lower values of power system impedance
have been achieved against other methods. This fact was independent of whether
the data set evaluated by this method was filtered on the basis of the 2500 largest
RMS changes in the positive sequence current or on the basis of the 2500 largest RMS
changes in the negative sequence current.

• Method No. 7 is a perspective method, but even in the case of 10,000 samples in three
different measurements, there was a lack of data meeting the given criteria.

One of the possible way to check the accuracy of evaluated power system impedance
is also to calculate the voltage of the Thevenin equivalent voltage source E (see Figure 1a))
and consequently to compute the voltage V at the measured point in the steady-state, i.e.,
when no rapid voltage and/or current changes occur.

Further research in this field could be focused on a better description of the minimal
size of necessary current changes in connection to background voltage changes, as well as
on the possibility of improving the criteria for selecting suitable samples for the purpose of
calculating the power system impedance using the methods described above.

5. Conclusions

The aim of this article was to present the results of the power system impedance
calculation realized by the analysis of real measured data through seven different methods.
The specificity of the presented results meets the fact that the evaluated data were measured
in HV and MV substations supplying steel mills with the operation of EAF. In the case
of this type of load, there are very fast and large step changes in the current, which is
naturally reflected in the fast and significant voltage changes at the measured busbar.
Despite significant changes in voltages and currents during the operation of this type of
load, determining the equivalent power system impedance is not an easy task. The reason
is the fact that the basic principle of determining the power system impedance is based on
the identification of voltage response to a current change at the measuring point. However,
the voltage at the measuring point is not constant even in the case of no current changes.
If the fact that the value of the equivalent power system impedance may not be constant
during the measurement is added to the natural fluctuation of the background voltage,
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the estimation of the equivalent power system impedance becomes more complicated.
The authors of each of the seven methods considered in this paper tried to deal with this
situation in different ways.

In the case of method No. 1, the authors derived the relationships between the power
system impedance and the mean complex vectors of voltages and currents (in our case,
of the positive sequence component). However, the authors of this method did not specify
the criteria for the selection of suitable samples to be included in the calculation. Due to the
fact that the calculation is performed by determining the median of complex voltage and
current vectors from a larger amount of data, a smaller number of samples that do not meet
the assumptions of this method will not significantly affect the result of the calculation.
On the other hand, in the case of a higher degree of inconsistency of the samples entering
the calculation, these samples may have a significant effect on the result of the calculation.

In the case of method No. 2, the authors derived equations for the resistance and
reactance of the equivalent power system impedance using the αβ transformation of
three-phase voltages and currents to determine the magnitudes of the voltage and current
components in the dq system. This approach circumvents the transformation of a three-
phase system into a symmetrical components system while bringing relatively simple
equations. On the other hand, even in the case of this method, the determination of criteria
for the selection of suitable samples entering the calculation is absent. In contrast to the
problem of errors due to the existence of natural voltage fluctuations in the measured node,
its sensitivity to the level of voltage and/or current unbalance may be a disadvantage of
this method. The transformation of the three-phase system of voltages as well as currents
into the αβ system is realized through instantaneous values of voltages and currents. In the
case of an unbalanced three-phase system, the α and β components oscillate during one
period (20 ms), even in a steady-state, when the RMS values of voltages and currents in the
positive and negative system are constant. In addition, if this methodology is used in the
analysis of three-phase voltages and currents, which even change their amplitude or angle
during the measurement, the result of the calculation will also depend on the time when
voltage and current changes occur. Therefore, the use of this method is limited mainly to
use it in three-phase systems with a minimum level of unbalance.

Authors of method No. 3 focused on solving the problem of natural voltage fluctua-
tions or power system impedance fluctuations in the measured node by deriving equations
based on not only two but up to three consecutive samples of measured data. The advan-
tage of this method is its automatic selection of inconsistent samples. As the authors of this
method state themselves in [13], the use of the three-point method is relatively inaccurate,
despite the automatic selection of suitable samples, and they recommend the derivation of
the power system impedance calculation based on a six-point approach.

The advantage of method No. 4 is that the degree of the load impedance change
at a given voltage or current change is also taken into account in the calculation of the
power system impedance. This method was primarily designed to determine the power
system impedance from the measurement of voltage and current changes in the case of the
power transformer’s tap changing. Its use to analyze data recorded in the case of rapid and
significant load current changes (such as during EAF operation) requires further research
on the criteria for suitable data sample selection determination (for more details, see the
Discussion section in this paper).

The advantage of method No. 5 is its simplicity and clarity. This method solves the
problem of fluctuations in network voltage as well as in power system impedance only
at the level of statistical evaluation of a sufficient amount of data. The results presented
in this paper suggest its excellent applicability to data measured on EAF type of loads.
On the other hand, even in this case, it is possible to focus further research on the creation
of criteria for the selection of suitable samples entering the statistical evaluation.

In the case of method No. 6, the authors tried to derive equations for the calculation
of resistance and reactance of the power system based on the measurement of changes in
complex vectors of voltages and currents in the negative sequence system. Even in this
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case, the authors did not define any further criteria for the selection of suitable samples to
be included in the calculation. The use of this method is especially suitable in networks
with a large level of unbalance or with unbalanced load changes. When using this method
to measure impedance in conditions where the dominant step changes of voltages and
currents take place in the positive sequence system, it seems more advantageous to modify
this method to analyze the voltages and currents in the positive sequence system.

Method No. 7 represents a very complex method. During its development, the au-
thors dealt with a large extent, with the influence of natural voltage fluctuations in the
power system or even the influence of fluctuations in the power system impedance itself.
Determination of natural voltage fluctuations is based on the identification of samples
with less than 0.1% change in load impedance (measured load). Although this method
shows an excellent accuracy in data analysis with slower and not so significant changes
in current and voltage, its application to data measured at load with very fast and large
current changes appears to be unsuitable.

In future research, in addition to the analysis of the determination of sampling criteria
within the individual methods, it would be appropriate to address the issue of identifying
natural voltage fluctuations in a given node without the influence of the measured load.
The correctness of the determination of the equivalent power system impedance realized on
the basis of data measured during changes of voltages and currents could in the future be
assessed by additional calculation of the magnitude of the voltage on the measured busbar.
This calculation could be performed on the principle of the difference between the estimated
voltage of the equivalent power system source and the voltage drop given by the current
flowing through the estimated power system impedance during a steady-state operation.
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