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Abstract: The excessive use of power electronics makes power quality problems in power grids
increasingly prominent. The estimation of the harmonic parameters of harmonic sources in the power
grid and the division of harmonic responsibilities are of great significance for the evaluation of power
quality. At present, methods for estimating harmonic parameters and harmonic responsibilities
need to provide the amplitude and phase information of the current and voltage of the point of
common coupling (PCC). However, in practical engineering applications, the general power quality
monitor only provides the amplitude information of the voltage and current of the measured point
and the phase difference information between them. Missing phase information invalidates existing
methods. Based on the partial least squares regression method, the present work proposes a method
for estimating harmonic parameters in the case of monitoring data without phase. This method only
needs to measure the amplitude information of the harmonic voltage and current of the PCC and the
phase difference between them, then use the measurable data to estimate the harmonic parameters
and the harmonic responsibility of each harmonic source. It provides a new way to effectively solve
the problem that the measured data of the project has no phase information. The feasibility and
effectiveness of the proposed method are proved by simulation data and measured engineering data.

Keywords: power quality; harmonic parameter; harmonic responsibility; monitoring data without
phase angle; parameter estimation

1. Introduction

With the development of electronic technology, power electronic equipment is widely used.
Power electronic equipment has non-linear and fast switching characteristics. This non-linear
time-varying load is extremely prone to generate harmonics. Power quality problems caused by
harmonics have received extensive attention [1]. The prerequisite for evaluating and improving power
quality is to evaluate the harmonic emission levels of each user reasonably. In order to evaluate the
harmonic emission levels of each user correctly, it is necessary to divide the harmonic responsibility.
In addition, the quantitative estimation of the harmonic responsibility of each harmonic source provides
a basis for the implementation of a “reward and punishment scheme” [2]. At present, the basis for the
division of harmonic responsibility is not given internationally. Most methods project the harmonic
voltage generated at the PCC when the harmonic source acts alone to the harmonic voltage of the
PCC. The size and direction of the projection is an evaluation indicator for dividing the harmonic
responsibility [3-9]. In recent years, research on the division of harmonic responsibilities has been
carried out step-by-step. The main assessment methods can be divided into “intervention” and
“non-intervention” methods [10-17]. At present, non-intervention methods are more commonly used.
Harmonic parameters can be estimated without disturbing the normal operation of the power system.
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This requires extracting more information from the limited measurement data. Machine learning is a
data processing method that can find the underlying laws and values of data from massive amounts
of data. It has the advantages of fast running speed, high accuracy, and high efficiency. Experts and
scholars have introduced machine learning methods into the field of power quality and achieved good
results [18-20]. Regression algorithms in machine learning are fast, accurate and are widely used in
non-intervention methods. For better analysis, the methods of estimating harmonic responsibility are
further divided into direct and indirect algorithms:

1.  Indirect algorithm first estimates harmonic parameters. The harmonic responsibility of each
harmonic source can then be estimated [5-8]. The complex linear least square method is used
to estimate the harmonic impedance and background harmonic voltage, thereby realizing the
quantitative calculation of the harmonic responsibility of the harmonic source for the concerned
bus [5]. The combination of the dominant fluctuation filtering method and the quantile regression
method is adopted to divide the user’s harmonic responsibility [6]. Ridge estimation method is
used to estimate the harmonic impedance, which can better improve the ill-conditioned solution
when the coefficient matrix is ill-conditioned [7]. To improve the robustness of the algorithm,
a robust regression method in the complex domain is used to quantitatively estimate the harmonic
responsibility of the harmonic source [8]. The above methods all require the amplitude and phase
information of the harmonic voltage and harmonic current at the PCC. General power quality
monitors can only provide the phase difference between harmonic voltage and harmonic current,
not their phase values. In addition, the phase information of higher harmonics is more difficult to
measure. This makes the above method ineffective in practical engineering applications.

2. The direct algorithm estimates the harmonic responsibility of each harmonic source directly,
such as the complex least squares method and partial least squares method [3]. Aiming at the
problem of centralized multiple harmonic source responsibility division, [3] proposed a research
method of evaluating harmonic responsibilities based on measured data. This method only needs
the amplitude information of the harmonic voltage and harmonic current at the PCC and does not
need the phase information. However, this method has the disadvantage that it cannot estimate
harmonic parameters such as harmonic impedance.

In order to estimate harmonic parameters with measurable information, [21] proposed a method
for harmonic impedance estimation on the system side based on measurement data without phase
angle. This method requires amplitude information and phase difference of the harmonic voltage and
harmonic current, which can be measured by a general power quality monitor. However, [21] has not
established a model applicable to multiple harmonic sources, which makes this method unsuitable
for the situation where multiple harmonic sources are common in practice. In addition, [21] did not
further calculate parameters such as harmonic responsibility of each harmonic source. [22] proposed
a method of impedance calculation based on particle swarm optimization. Impedance parameters
between nodes can be calculated. However, this method involves the measurement and calculation of
multiple nodes. There are many equations, and the method is complicated.

Aiming at the above problems, the main contributions of this paper are as follows:

1. This paper presents a method for estimating harmonic parameters. The proposed method only
needs the amplitude information and phase difference of the harmonic voltage and harmonic
current at the PCC. It solves the problem that the harmonic parameters cannot be estimated due
to the difficulty of measuring the phase value of the data. Compared with traditional direct
algorithms, more harmonic parameters can be estimated. Compared with traditional indirect
algorithms, there is no need to measure the data phase value information.

2. This paper derives a mathematical model that can be used in practice based on the linear regression
model. This model is not only applicable to the case of a single harmonic source, but also to
the case of multiple harmonic sources that are common in practice. Harmonic parameters such
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as the harmonic contribution impedance, harmonic contribution voltage, and the harmonic
responsibility of each harmonic source can be estimated.

3. Inorder to verify the effectiveness of the proposed method, the estimation accuracy of this method,
and the traditional linear regression method are compared.

4.  This paper provides a new idea for estimating the harmonic parameters of the system, especially
for the higher harmonics whose phase value information cannot be accurately measured.
The proposed method has less calculation and is easy to implement.

2. Evaluation Model of Harmonic Responsibility

2.1. Definition of Harmonic Responsibility

In the power system, the feeders are connected to the PCC bus. There are some linear loads and
nonlinear harmonic sources on the feeder. The schematic diagram of the power system is shown in
Figure 1. According to the theory of harmonic power flow calculation, the fundamental power flow
and the harmonic power flow can be calculated separately [3]. The following research on harmonic
identification is at i harmonic frequency (h =0,1,2,...).

For the study of single harmonic source identification, the power supply side of the power system
can be equivalent to the Thevenin equivalent circuit and the user side equivalent to the Norton circuit.
The equivalent circuit diagram is shown in Figure 2. The power supply side contains an equivalent
harmonic voltage source (Uss) and a harmonic impedance (Zss). The user side contains an equivalent
harmonic current source (Ls) and a harmonic impedance (Z.). There is a harmonic voltage (Upccs) at
the PCC and harmonic current (Ipccs) flows. According to the same idea, an equivalent circuit suitable
for multiple harmonic sources is established as shown in Figure 3. Similarly, there is an equivalent
harmonic voltage source (Us) and a harmonic impedance (Zs) on the power supply side. The user side
contains n feeders. Each feeder contains an equivalent harmonic current source (jcyk) and a harmonic
impedance (Zy) (k = 1,2,3...,n). There is a harmonic voltage (Upcc) at the PCC, and each feeder

connected to it also contains a harmonic current (I).

Feeder 1 Feeder 2 Feeder 3 Feeder n
User side

Power supply side

‘ PCC Bus

Figure 1. Schematic diagram of the power system with multiple feeders connected to the point of
common coupling (PCC) bus.

Figure 2. Equivalent circuit to identify a single harmonic source.
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Figure 3. Equivalent circuit of the power system with concentrated multiple harmonic feeders.

When the harmonic source on each feeder acts independently, harmonic voltage (Upcck) will be
generated at the PCC. According to the superposition theorem, the vector sum of the background

harmonic voltage (Upcco) and these harmonic voltages is the harmonic voltage (Upcc) at the PCC. It can
be expressed as:

- h - h Sy
upcc = UpccO + Z Upcci @
i=1

The phasor relationship of the harmonic voltages is shown in Figure 4. There is a phase angle (6;)
(i=0,1,2,...,n) between the harmonic voltage (Upcci) generated by each harmonic source at the PCC
point and the harmonic voltage (Upcc) at the PCC.

Contribution u pcel
voltage

voltage

Figure 4. Phasor projection diagram of the harmonic voltages.

The harmonic voltage (Upm-) generated by the harmonic source at the PCC is projected onto the

harmonic voltage (Upcc) at the PCC. The scale of the projection is considered to be the magnitude of
harmonic responsibility. The projection direction is positive, which indicates that the harmonic source
emits harmonics; otherwise, it indicates that the harmonic source absorbs harmonics. The harmonic
responsibility of the harmonic source can be quantitatively expressed as:

Hpcci = ‘Upcci (2)

cos 0;/ ’Upcc

2.2. Shortcomings of Existing Estimation Methods

In order to accurately estimate the harmonic responsibility of harmonic sources, experts and
scholars have conducted a lot of research [3-17]. These methods can be divided into direct algorithms
and indirect algorithms. The idea of the direct algorithm is to use linear regression to estimate
the harmonic responsibility directly, which only needs the amplitude information of the harmonic
voltage and harmonic current. But this algorithm cannot estimate harmonic parameters such as
harmonic impedance. The idea of the indirect algorithm is to estimate the harmonic impedance first,



Energies 2020, 13, 879 50f 19

then calculate the harmonic contribution voltage of each harmonic source, and then calculate the
harmonic responsibility. Although this method can estimate multiple harmonic parameters, the method
fails when the power quality monitor cannot accurately measure the phase value information.
The method of manually constructing the phase can avoid the failure of the indirect algorithm, but it
will introduce uncontrollable errors [21].

The following sections will analyze the classic algorithms of the two methods in detail.

2.2.1. Direct Method for Estimating Harmonic Responsibility

In the direct algorithm, [3] established a model for assessing the harmonic responsibility of
multiple harmonics, and solved it by linear regression. Take the direct algorithm proposed in [3] as an
example for analysis. Based on the phasor relationship in Figure 4, it can be obtained as

n
’upcc = Z |Zsci| 1| cos 6; + ‘Upcco cos O ®)
i=1
where 1
Zsci = n
( oA+ %]
=L

where Z_, is the harmonic contribution impedance of the feeder i in the power system. It is the parallel
value of other harmonic impedances, except feeder i.

The harmonic voltage (Upcc) atthe PCC pointis considered as the dependent variable. The harmonic
current of each feeder (I;) is considered an independent variable. Linear regression is performed on
equation (3) to get the regression coefficient (|Z5a,) cos 0;). The calculation method of the harmonic
responsibility of each harmonic source is as follows:

I.;| cos 6;

|Zsci |
H. _

peci — ' u 4)

pcce

According to the above analysis, the estimated characteristics of the direct method are as follows:

(1) From the perspective of information input, the direct algorithm only needs the amplitude
information of the harmonic voltage and harmonic current.

(2) From the perspective of information output, the direct algorithm can only estimate the harmonic
liability, but cannot estimate other harmonic parameters.

(3) The direct algorithm does not use the phase difference information of the harmonic voltage and
harmonic current measured by the power quality monitor so that the algorithm cannot estimate
other harmonic parameters.

2.2.2. Indirect Method for Estimating Harmonic Responsibility

In the indirect algorithm, paper [7] first estimates the harmonic impedance parameters and then
calculates the harmonic responsibility of each harmonic source. Take the indirect algorithm proposed
in [7] as an example of the analysis. The phasor relationship in Figure 4 can be expressed as:

n

Upcc = Z Zscljci + UpccO ®)
i=1
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When the phase values of the harmonic voltage and harmonic current are known, the real and
imaginary parts of equation (6) can be expanded as:

. n . . .
upccx = Z (Zscixlcix - Zsciylciy) + upccOx
. TR . . ©)
UPCCJ/ = 'Zl (ZscixICi]/ + ZscinCiX) + UPCCOy
1=

The subscript x of the variable represents the real part, and the subscript y represents the imaginary
part. The harmonic voltage is considered as the dependent variable, and the harmonic current is
considered as the independent variable. Linear regression is performed on Equation (7) to obtain the
harmonic impedance (Z_,). The harmonic contribution voltage (Upcci) of the harmonic source can be
expressed as:

upcci =Z jci @)

SCl

The harmonic responsibility can be calculated as:

'Upca- cos 0;

Hpcci - (8)

upcc

In summary, the estimation characteristics of the indirect algorithm are as follows:

(1) From the perspective of information input, the amplitude information and phase information of
the harmonic voltage and harmonic current are required.

(2) From the perspective of information output, harmonic parameters including harmonic
contribution impedance, harmonic contribution voltage, and harmonic responsibility can
be estimated.

(3) When the phase information of the harmonic voltage and harmonic current is missing, the phase
needs to be constructed artificially to avoid indirect algorithm failure, as this will inevitably
cause errors.

2.2.3. The Basic Principle of the Proposed Algorithm

According to the equivalent circuit in Figure 3, the phasor relationship in Figure 4 can be

expressed as:
n

Upcc = Z jcyizz + UpccO )
i=1

Note that the harmonic current (1 Cyi) in equation (10) is the harmonic current of the equivalent
harmonic source, and the harmonic impedance (Z,) is the parallel value of all harmonic impedances
in the power system. The harmonic current (Ia-) in equation (6) is the harmonic current of the feeder,
and the harmonic impedance (Z_,) is the parallel value of all harmonic impedances in the system
except the feeder. The harmonic impedance in Equation (10) is called the total harmonic impedance,

and it can be expressed as:

A — (10)

1 1
7.tz
Ccl E

R

s

i=1

In order to further distinguish the physical meaning of the total harmonic impedance and the
harmonic contribution impedance, the equivalent circuit when a single harmonic source acts alone is
shown in Figure 5.
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Figure 5. The equivalent circuit of the system when the feeder i acts alone.

When the harmonic source acts alone, the theoretical harmonic current (fci_thmy) on the feeder

can be expressed as:
1

Icyi = Lci—theory + Ici—theory X (11)

n
1 1
z+ L 7
j=Lj#i ¢
In practical power systems, the harmonic impedance on the user side is much larger than the
harmonic impedance on the power supply side (|Zci( < |ZS|). Equation (12) can be approximated as:

1Cyz ~ Icz theory (12)

The actual harmonic current on the feeder is approximately equal to the theoretical harmonic
current [3], which is expressed as:

1Cyi ~ jci—T ~ jci (13)

Equation (10) can be rewritten as:

n
= Z 7, + upcc() (14)

i=1

- h
We conjugate the two ends of equation (15) and multiply the harmonic voltage (Up,.) at both ends
of the equation. The resulting equation is expressed as

pcc Z Saz + U ccO pcc (15)

where S ; and Z can be expressed as:

(16)

where S ; represents the apparent power of feeder i. P; and Q ; represent the active power and reactive
power of feeder i, respectively. Superscript * indicates the conjugate of a variable.

ke ok .
In Equation (16), the algebraic formula (UPCCO Upcc) can be regarded as a constant (C). Take the real
part of equation (16), and it can be rewritten as:

| pcc| :Z PZoy+QiZzy) + Cx (17)
i=1
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In Equation (18), the active (P ;) and reactive power (Q. ) of feeder i are used as independent

. . 2 . .
variables, and the harmonic voltage (|UPCC| ) at the PCC is used as the dependent variable. The total
harmonic impedance can be estimated by linear regression. Further, the harmonic contribution voltage
of feeder i can be calculated, which can be expressed as:

Upcci = jciZz (18)

Since the general power quality monitor can only measure the phase difference of the harmonic
voltage and harmonic current instead of their phase values, the phase difference is taken as the phase
value of the harmonic current in Equation (19). The phase of the calculated harmonic contribution
voltage is the phase difference between the harmonic contribution voltage (Upcci) and the harmonic

voltage (UPCC) at the PCC. This processing method does not affect the calculation of harmonic
responsibility of feeder i. Harmonic responsibility can still be estimated by Equation (9).

In summary, the harmonic parameters estimated in this paper include the total harmonic impedance
of the system, the harmonic contribution voltage of each feeder, and the harmonic responsibility of
each feeder. The total harmonic impedance can be estimated by linear regression. And the harmonic
contribution voltage of each feeder can be estimated by Equation (19). After estimating the harmonic
contribution voltage of each feeder, the harmonic responsibilities of each feeder can be estimated by
Equation (9).

The characteristics of the algorithm in this paper are as follows:

(1) The harmonic parameters, including the total harmonic impedance of the feeder i, the harmonic
contribution voltage of the feeder i, and the harmonic responsibility of the feeder i can be estimated
by the algorithm.

(2) During the estimation process, the harmonic voltage at the PCC, and the power of each feeder
are required. The calculation of power parameters no longer requires the phase values of the
harmonic voltage and harmonic current, only their phase difference. This makes it possible to
estimate harmonic parameters such as harmonic impedance with a general power quality monitor.

Compared with the above-mentioned classic algorithm, this algorithm has the following
advantages:

(1) Compared with the direct algorithm, the algorithm can estimate the harmonic parameters such as
total harmonic impedance, in addition to the harmonic responsibility.

(2) Compared with indirect algorithms, the parameters required for the algorithm can be measured
with a general power quality monitor.

3. Simulation Verification

As the proposed algorithm is applicable to harmonics of any frequency, the simulations are
performed at the 3rd harmonic frequency.

In the simulation, the estimation capabilities of the following four methods are compared:

Ideal Method: The phase values of the harmonic voltage and harmonic current are used for
estimation. Harmonic parameters can be estimated from existing linear regression models.

Proposed Method: The phase difference between the harmonic voltage and the harmonic current is
used for estimation. Harmonic parameters can be estimated by the linear model proposed in this paper.

Random Phase Method: The phase is constructed by the random phase method, and then the
harmonic parameters are estimated by the existing linear regression model.

Zero Phase Method: The zero phase method is used to construct phase, and then the harmonic
parameters are estimated by the existing linear regression model.
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3.1. The Case of a Single Harmonic Source

To establish a simulation model according to the equivalent circuit diagram shown in Figure 2,
we set the harmonic voltage amplitude at the power supply side to 50 V, the phase angle to 50 degrees,
and the harmonic impedance to 7+ 50 jQ). The amplitude of the user-side harmonic current source was
set to 12 A, the phase angle was 180 degrees, and a disturbance signal was added. We set the harmonic
impedance on the user side to 80 + 800 jQ2.

Considering that the harmonic impedance on the user side is much larger than the harmonic
impedance on the power supply side, the total harmonic impedance can be approximately equivalent
to the harmonic contribution impedance of the harmonic source. The estimation results of the harmonic
parameters on the user side are shown in Table 1.

Table 1. Error of parameter estimation of a single harmonic source.

Known Phase Value Unknown Phase Value

Harmonic Parameters
Ideal Method Proposed Random Phase Zero Phase

Method Method Method
Modulus value of harmonic 1.12 191 21.77 20.29
. contribution impedance (%)
Relative Error Amplitude of harmonic
0 0.97 2.07 20.95 19.48
contribution voltage (%)
Harmonic responsibility (%) 0.98 2.15 21.74 2043
Phase angle of harmonic
Absolute Error contribution impedance 0.0208 0.0031 0.0562 0.0235
Phase angle of harmonic 0.0224 0.0015 0.0546 0.0251

contribution voltage

According to the simulation results, the following conclusions can be drawn:

When the phase value of the data can be measured, it is very accurate to use the ideal method
to estimate the harmonic parameters. When the phase value information of the data is missing,
the relative error of the harmonic parameters estimated by the proposed method was less than 5%,
and the absolute error of the estimated phase angle was less than 0.02. In the case of a single harmonic
source, the error of the phase angle of the harmonic parameters estimated by the random phase method
and zero phase method is acceptable, but the error of the estimated value of the modulus is large.

Considering that there are often multiple harmonic sources in the actual power system, the model
of a single harmonic source is not applicable. The situation of multiple harmonic sources was analyzed,
and is discussed below.

3.2. The Case of Multiple Harmonic Sources

In the simulation, it was assumed that three feeders on the user side contain harmonic sources.
We set the amplitude of the equivalent harmonic voltage source on the power supply side to 50V,
the phase angle to 60 degrees, and the harmonic resistance to 1.2 4 15jQ2. We set the amplitude of the
equivalent harmonic electric current source of the user-side feeder to 11A, 16A, and 20A in sequence,
and the phase angle to be 1 radian, 2 radians, and 3 radians in order. The harmonic impedance of
each feeder on the user side was set to 80 + 800jQ). In order to simulate the fluctuations in the system,
we added a noise signal to each feeder on the user side, and set the current amplitude fluctuation
within 5%. Considering that Z; < Z(i = 1,2,3), the total harmonic impedance is approximately
equivalent to the harmonic contribution impedance of the feeder. The harmonic parameters of the
system can be estimated by different methods, and the relative errors of each parameter are shown in
Table 2.
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Table 2. Relative error of parameter estimation of a single harmonic source.

PhI:;O‘VZ‘ I;ue Unknown Phase Value
Harmonic Parameters Feeder
Ideal Proposed Random Zero Phase

Method Method Phase Method Method

. 1 3.11 443 11.46 1247

Modulus value of harmonic

contribution impedance 2 3.11 4.43 11.46 1247

3 3.11 443 11.46 12.47

. . 1 2.01 3.32 10.28 11.28

Relative Azﬁlt‘rti‘l‘)izgi }“/fltn;ozlc 2 0.30 1.58 843 9.41

Error & 3 1.83 3.13 10.08 11.08

0 0.40 15.50 26.47 29.97

Harmonic responsibility (%) 1 2.80 12.87 71.83 103.74

2 1.34 2.31 11.05 9.59

3 1.38 4.52 29.39 49.27

Phase angle of harmonic 1 0.0093 0.0256 0.2787 0.4127
contribution impedance 2 0.0093 0.0256 0.2787 0.4127

Absolute 3 0.0093 0.0256 0.2787 0.4127
Error Phase angle of harmonic 1 0.0566 0.0728 0.2314 0.3653
contribution voltage 2 0.0163 0.0327 0.2716 0.4056

3 0.0108 0.0055 0.2987 0.4327

In Table 2, feeder 0 indicates the power supply side.

In the simulation, the theoretical harmonic responsibilities of feeders 1 to 3 were 13.66%, 51.22%,
and 44.34% in turn. The theoretical harmonic responsibility of the power supply side was —9.22%.
The conclusions that can be drawn from Table 2 are as follows:

(1) From the aspect of estimation accuracy, the relative error of the ideal method and the proposed
method is small, and the estimation error of most parameters is controlled within 5%. The relative
errors of the random phase and zero phase methods are very large, and the estimation error of
most parameters is more than 10%. It can be seen that the estimation accuracy of the ideal method
and the proposed method was better.

(2) From the perspective of the difficulty of implementing the algorithm, the ideal method requires
the phase values of the harmonic voltage and harmonic current, but the general power quality
monitor can only provide the phase difference between them. Compared with the ideal method,
other methods estimate harmonic parameters based on phase difference information, and the
methods are easier to implement.

In the method proposed in this paper, when estimating the harmonic responsibility, the estimation
error of the harmonic responsibility of the power supply side and feeder 1 is large, both exceeding
10%. Because they have less harmonic responsibility, small absolute errors can also cause large relative
errors. It can be seen that the proposed method has better estimation accuracy for feeders with larger
harmonic responsibilities

In order to explore the influence of different background harmonics on the above four methods,
we changed the amplitude of the background harmonics, and estimated the harmonic parameters of
each feeder through four methods. Considering that more attention is paid to feeders with higher
harmonic responsibility in practice, four different methods were used to estimate the harmonic
parameters of feeder 2 with higher harmonic responsibility. In order to evaluate the magnitude of
the background harmonic, the ratio of the amplitude of the harmonic contribution voltage generated
by feeder 2 to the amplitude of the background harmonic voltage is defined as the parameter m.
(m = |Upcc0|/ |UPCC2|). The larger the parameter m, the larger the background harmonics. The relative
errors of the harmonic parameters estimated by the four methods are shown in Figures 6-8.
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Figure 6. (a) Relative error of the modulus value of the harmonic contribution voltage of feeder 2;
(b) Absolute error of phase value of the harmonic contribution voltage of feeder 2.
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Figure 7. (a) Relative error of the modulus value of the harmonic contribution impedance of feeder 2;
(b) Absolute error of phase value of the harmonic contribution impedance of feeder 2.
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Figure 8. Relative error of harmonic responsibility of feeder 2.

From the figure above, the following conclusions were obtained:

(1) The estimation capabilities of the random phase method and the zero phase method are unstable,
and the estimation errors of the two methods are relatively worse in most cases. In contrast,
the ideal method and proposed method have more stable estimation capabilities and better.
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(2) From the perspective of changing trends, the estimation ability of the proposed method will
deteriorate as the background harmonics become larger. The ideal method also has the same
trend in estimating harmonic responsibility.

(3) When the background harmonic voltage is low, the estimation error of the proposed method
to estimate each harmonic parameter can be controlled within 5%. When the amplitude of the
background harmonic voltage reaches the amplitude of the harmonic contribution voltage of the
feeder, the harmonic parameters obtained by the proposed method are also acceptable.

In summary, when the phase values of the harmonic voltage and harmonic current can be
measured, it is accurate to estimate the harmonic parameters by the existing methods. However,
in practice, ordinary power quality monitors can only provide the phase difference between the
harmonic voltage and the harmonic current. The errors introduced by constructing the phase are
uncontrollable, and such methods are not desirable. In contrast, the method proposed in this paper
can directly use phase difference information to estimate harmonic parameters with high accuracy.

4. Instance Verification

In this section, the proposed algorithm is verified by using residential electricity and electrified
railways as examples. Due to the particularity of the load in electrified railways, the problems arising
should be taken seriously [23,24].

4.1. The Case of Residential Electricity

The data of this example came from the experimental platform. The bus voltage was 220 V, and the
frequency was 50 Hz. Three feeders were connected to the bus. Feeder A contained electrical appliances,
feeder B was connected to a resistor, and feeder C was connected to a reactance. The schematic diagram
of the experiment is shown in Figure 9.

PCC Bus
D I Feeder A
_ User side
P I —]
ower supply side [ | FeederB
1 i Feeder C

Figure 9. Schematic of the experimental system.

The sampling frequency of the measuring device was 25,600 Hz. Considering the measurement
time and the linear regression method used, harmonic parameters can be estimated with samples from
600 cycles. The 13th and 21st harmonics were used as examples to estimate the harmonic parameters
of each feeder.

The measurement data at the 13th harmonic frequency is shown in Figure 10.
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Figure 10. (a) Harmonic voltage data at PCC point; (b) Harmonic current data of each feeder; (c) Phase

difference data between harmonic voltage and harmonic current of each feeder.
The harmonic parameters of each feeder obtained by different algorithms are shown in Table 3.

Table 3. Results of different methods for estimating harmonic parameters.

Random Phase Zero Phase

Harmonic Parameters Feeder = Proposed Method Method Method
Harmonic contribution A
- B 0.90 +3.42j 0.54 +1.3j 0.36 + 1.37j
impedance ((2) C
Harmonic contribution A L1211 0.4466 0.4507
voltage modulus value (V) B 0.0114 0.0046 0.0046
C 0.0469 0.0187 0.0189
0 2.83 65.94 63.35
. s A 95.79 34.36 36.77
H bility (%
armonic responsibility (%) B 0.41 0.35 0.3
C 0.97 —-0.65 -0.44

In Table 3, feeder 0 indicates the power supply side.

In this example, feeder A contains harmonic sources, and feeder B and feeder C do not contain
harmonic sources. The harmonic responsibility (H,ex) of each feeder should have the following
relationship:

HpccA > HpccO
Hpeeg = 0 (19)
Hpeec = 0

The measurement data at the 21st harmonic frequency is shown in Figure 11.
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Figure 11. (a) Harmonic voltage data at PCC point; (b) Harmonic current data of each feeder; (c) Phase

difference data between harmonic voltage and harmonic current of each feeder.

The harmonic parameters of each feeder obtained by different algorithms are shown in Table 4.

Table 4. Results of different methods for estimating harmonic parameters.

Random Phase Zero Phase

Harmonic Parameters Feeder  Proposed Method Method Method
Harmonic contribution A
. B 0.59 +3.90j 0.43 +1.02j 0.29 + 1.08j
impedance () C
Harmonic contribution A 0.4815 0.1349 0.1362
voltage modulus value (V) B 0.0037 0.0010 0.0010
C 0.0221 0.0062 0.0063
0 6.83 73.84 72.86
Harmonic responsibility (%) A 93.35 26.89 27.72
B -0.72 -0.20 -0.21
C 0.54 —-0.53 -0.37

In Table 4, feeder 0 indicates the power supply side.

In this application case, the estimated results of the proposed method are shown in Tables 3 and 4,

which are basically consistent with the actual situation.

4.2. The Case of Electrified Railway

Measurement data comes from a traction substation. During the measurement period, two trains
were running on two feeders, respectively. The schematic of this example is shown in Figure 12.
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Figure 12. Schematic diagram of the “traction net-locomotive” system.

The sampling frequency of the measuring device was 25,600 Hz. Considering that the locomotive
is a special load, it emits not only odd harmonics but also higher harmonics. Taking the 11th and
31st harmonics as examples, different methods were used to estimate the harmonic parameters of the
two feeders.

The measured data at the 11th harmonic frequency is shown in Figure 13.
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Figure 13. (a) Harmonic voltage data at PCC point; (b) Harmonic current data of each feeder; (c) Phase
difference data between harmonic voltage and harmonic current of Line A; (d) Phase difference data
between harmonic voltage and harmonic current of Line B.

The harmonic parameters of each feeder obtained by different algorithms are shown in Table 5.
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Table 5. Results of different methods for estimating harmonic parameters.

Harmonic Parameters Line Proposed Method Random Phase Zero Phase

Method Method
Harmonic contribution A 8.35 + 166.06 2644 +39.92]  4.55+47.67 ]
impedance ((2) B
Harmonic contribution voltage A 15.51 447 447
modulus value (V) B 9.97 2.87 2.87
0 6.35 65.10 76.64
Harmonic responsibility (%) A 68.99 22.40 18.15
B 24.66 12.50 5.21

The measured data at the 31st harmonic frequency is shown in Figure 14.
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Figure 14. (a) Harmonic voltage data at PCC point; (b) Harmonic current data of each line; (c) Phase
difference data between harmonic voltage and harmonic current of Line A; (d) Phase difference data
between harmonic voltage and harmonic current of Line B.

o

Number of waveform cycles

The harmonic parameters of each feeder obtained by different algorithms are shown in Table 6.
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Table 6. Results of different methods for estimating harmonic parameters.

Random Phase Zero Phase

Harmonic Parameters Line Proposed Method Method Method
Harmonic contribution A 1.56 + 18448 j 58.68 +31.46]  25.83 + 61.37 ]
impedance ((2) B

Harmonic contribution voltage A 8.05 291 291

modulus value (V) B 9.54 3.44 3.44

0 6.40 90.23 71.63

Harmonic responsibility (%) A 50.20 5.49 13.59

B 43.40 4.28 14.78

In practical traction systems, locomotives are the main source of higher harmonics. The locomotive
should bear the main harmonic responsibility. The harmonic responsibilities estimated by the proposed
method are basically consistent with the actual situation.

The feasibility and accuracy of the method proposed in this paper were further proven by the two
examples above.

5. Discussion

Simulation and experimental results demonstrated the feasibility and accuracy of the proposed
method in actual engineering. Compared with the method of constructing the phase (random phase
and zero phase methods), the proposed method had a high estimation accuracy. This is because
the method of constructing the phase introduces uncontrollable errors, and the proposed algorithm
directly uses the measurement data. Compared with the estimation method using the data phase value
(ideal method), the error produced by the proposed algorithm was slightly larger. This is because
the proposed method performed a power operation on the original data, amplifying the error to
some extent.

6. Conclusions

In this paper, a linear model was derived, and phase values of harmonic voltage and harmonic
current were no longer needed in the estimation process. The proposed algorithm uses the phase
difference information and amplitude information of the harmonic voltage and harmonic current to
estimate the harmonic parameters. Phase difference information and amplitude information can be
measured by a general power quality monitor. This provides a new way to estimate the harmonic
parameters of each feeder in practice.

The proposed algorithm has the following characteristics:

(1) The estimation accuracy of this algorithm will be affected by background harmonics. It has the
same characteristics as the method proposed in [21].

(2) When the algorithm estimates the harmonic responsibility of the feeder, the estimation accuracy
is higher for the feeder with larger harmonic responsibility.

(3) From the perspective of the complexity of the algorithm, although the derivation process may be
slightly complicated, the algorithm in this paper still uses linear regression to estimate the total
harmonic impedance. Linear regression does not take a long time, so the execution time of the
algorithm in this article is short.

Considering that the background harmonics will affect the estimation ability of the algorithm,
future research will improve the robustness of the algorithm.
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