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ABSTRACT The verifications of the calculated harmonic impedances are necessary for harmonic
impedance estimation. Among the existing methods of the verifications, the method, by matching the
calculated background harmonic voltage with the measured voltage when the customer is out of operation,
is widely used. The background harmonics can be calculated based on IEC61000-3-6 (named as the IEC
method) or the superposition index. However, some researchers ignore the fact that these two methods cannot
be chosen arbitrarily, otherwise, the misjudgments may occur. In our study, the nonlinear customers are
classified into two categories according to the ways how they are out of operation: 1) only the harmonic
source is cut off, and 2) the harmonic source and the impedance of the customer side are both cut off. Then,
the differences in using the IEC method and the superposition index to match the calculated and measured
background harmonic voltage are investigated. Finally, based on the properties of the two methods and
the categories of the customers, a framework is proposed to accurately validate the calculated harmonic
impedance. The effectiveness and reliability of the proposed framework are verified through simulation and

field case studies.

INDEX TERMS
IEC61000-3-6, superposition index.

I. INTRODUCTION

With the development of power electronic devices and the
increase of nonlinear loads, harmonic pollution in power
system becomes more and more serious [1]-[4]. Harmon-
ics increase power losses and reduce the service life of the
components in power grid such as transformers and transmis-
sion lines, and ultimately reduce the operating efficiency of
the power system. More seriously, harmonics lead to series
or parallel resonance, electromagnetic interference, and the
maloperation at the protections [2], destroying the stable
operation of the power system. To solve the harmonic issue,
the researchers have conducted a series of harmonic studies
on power systems. One of the most indispensable studies is
about the harmonic impedance (shown in figure 1), which can
be divided into three parts: 1) calculation of the harmonic
impedance; 2) validation of the calculated impedance; and
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3) application of the calculated harmonic impedance. For
part 1), many noninvasive methods have been proposed for
harmonic impedance estimation based on the harmonic mea-
surements at a point of common coupling (PCC) [5]-[13].
Meanwhile, part 3) has been extensively studied, such as
calculation of the harmonic contributions, harmonic control,
and design of filter, etc. [14]-[17]. In comparation, related
study for part 2) is a gap. Yet, the validation of the calculated
result is still significant, because only the correct result can
be applied in part 3). Therefore, to consummate part 2),
a framework is proposed to validate the calculated harmonic
impedance.

In reference [5], the actual harmonic impedance can be
roughly calculated according to the known grid structure and
the parameters of its main components, but the structure and
parameters are difficult to obtain. In reference [6]—[8], [17]
the harmonic impedance of the last transformer before the
connection point is regarded as the reference value of the
utility harmonic impedance. Yet, this method is applicable
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FIGURE 1. Harmonic impedance studies on power systems.

only when the utility side is inductive. In reference [9]-[11],
[18], the reference impedance is obtained by the ratio of
the harmonic voltage difference to the current difference at
the PCC before and after the customer manually switch-
ing off. However, this method can only verify the util-
ity harmonic impedance, but not the customer impedance.
In reference [11]-[13], the voltage measured at the PCC when
the customer is out of operation is regarded as the reference
voltage, and then the calculated background harmonic voltage
is matched with it. Comparing with the above methods, this
method can verify the harmonic impedance of both sides and
be applied more extensively.

As mentioned in [11]-[13], after obtaining the har-
monic impedance, the background harmonic voltage can be
calculated and matched with the measured background
harmonic voltage, so as to verify whether the calculated
harmonic impedance is correct. Generally, the background
harmonic voltage can be calculated based on the IEC
method [9]-[12] or the superposition index [13], [19]-[21].
However, the researchers do not distinguish the difference of
the both methods in terms of application situations. In this
paper, finding that these two methods cannot be chosen arbi-
trarily, otherwise, some misjudgments may occur. According
to the ways how nonlinear customers are out of operation,
the harmonic customers are classified into two categories:
1) the harmonic source and the impedance of the customer
side are both cut off, such as arc furnace, and 2) only the har-
monic source is cut off, such as wind farm and photovoltaic
farm (see Figure 2). For the category 1 (defined as model
A in Figure 2), the measured background harmonic voltage
should only be matched with the calculated values based on
the IEC method instead of the superposition index. For the
category 2 (defined as model B in Figure 2), the measured
background harmonic voltage should only be matched with
the calculated values based on the superposition index instead
of the IEC method. In a word, model A should be matched
with the IEC method, and model B should be matched with
the superposition index, whose reason is explained in detail
in Section II.

Note that, if the matching is chosen wrong, the validity
of the harmonic impedance estimation will be misjudged.
For example, in reference [11], [12], where the nonlinear
customer is just arc furnace, the IEC method is used to
validate the calculated harmonic impedance. However, if the

75410

<« —-» maynot match

The IEC
method

L]
.
[}
[}
[}
[}
L}
L}
.
[}
: values
[}
] The
L}
L}
L}
.
[}
[}
[}
L}
L}
L}

superposition
index

Customer is connected to
power grid

FIGURE 2. Matching diagram.

arc furnace is replaced by the customer belonging to model B,
the validity of the calculated impedance will be misjudged.
Besides, the similar problem also exists in reference [13] for
the analysis of the 7" harmonic.

In order to accurately verify the validity of the calculated
harmonic impedances, a framework is proposed in this paper.
First, the nonlinear customers are classified into two cate-
gories (i.e. model A and model B) based on the way how they
are out of operation. Then, the differences and commonness
between the IEC method and the superposition index in terms
of application situations are analyzed. Finally, according to
the category of the customer, the method of calculating the
background harmonic voltage is selected to validate the har-
monic impedance. The effectiveness and reliability of the
proposed framework are demonstrated by simulations and
multiple field cases.

This paper is organized as follows. Section II presents
the principle and framework of validating the harmonic
impedance. Section III and IV demonstrates the effective-
ness of the proposed framework through simulation and field
cases. Section V concludes.

Il. VALIDATION OF THE CALCULATED HARMONIC
IMPEDANCE

In practical engineering, the validity of the calculated har-
monic impedances can be indirectly verified by matching
the calculated background harmonic voltage with the voltage
measured when the customer is out of operation. Generally,
there are two methods to calculate the background harmonics:
the IEC method and the superposition index. The differences
in using the two methods to match the calculated and mea-
sured values are investigated below.

A. CALCULATION OF THE BACKGROUND HARMONIC
VOLTAGE BASED ON THE IEC METHOD
In the Norton circuit corresponding to the IEC method
(Figure 3), Z,, Z. and iu, ic are the harmonic impedances
and currents of the utility and the customer sides respectively,
while Vpcc and ipcc are the harmonic voltage and current
measured at the PCC.

When the switch is closed, the customer is connected to the
power grid, and the harmonic voltage at the PCC is

Vpcc—post = iuzu + ipcczu (D
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FIGURE 4. Norton circuit related to the superposition index. (a) Harmonic
emission level of the utility side. (b) Harmonic emission level of the
customer side.

When the switch is off, the customer side is out of opera-
tion, and the harmonic voltage at the PCC is

Vpcc—pre = iuzu ()

According to the standard IEC61000-3-6 [22], the har-
monic voltage emission level of a customer is the difference
of the harmonic voltage before and after the customer being
connected to the network [11], [23]. Referring to this stan-
dard, the harmonic emission levels of the customer and the
utility sides can be respectively expressed as

VCIE)EC = ipcczu 3
Ve = IZy. (4)

B. CALCULATION OF THE BACKGROUND HARMONIC
VOLTAGE BASED ON THE SUPERPOSITION INDEX

Figure 4 is the Norton circuit related to the superposition
index. When I, or I work alone, the corresponding harmonic
voltage at the PCC are the harmonic voltage emission level of
each source, expressed respectively as

. 7.7y -
sup cLu
Vipee = mlu, )
. 7.7y -
sup clu
Vepee = mlc (6)

C. A FRAMEWORK TO VERIFY THE VALIDITY OF THE
CALCULATED HARMONIC IMPEDANCE

While the nonlinear customers are connected to the power
grid, if Z, and Z. are estimated accurately, the calculated
background harmonic voltage is also accurate. The validity of
the calculated harmonic impedances can be verified indirectly
with this principle. When the nonlinear customers are out
of operation, the harmonic voltage measured at the PCC is
regarded as the reference voltage. Therefore, by matching the
calculated voltage with the reference voltage, the correctness
of the calculated Z, and Z; can be verified.
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In practice, the nonlinear customers are diverse and com-
plex. In this paper, they are classified into two categories
as follows according to the way how they are out of
operation.

e Model A:

For nonlinear customers such as arc furnace, both the har-
monic source and the harmonic impedance are cut off when
the customers are out of operation. For this kind of customers,
the background harmonic voltage should be calculated based
on the circuit model of the IEC method. The reference voltage
is defined as Vlf_‘pcc which can be theoretically calculated
using Eq. (4) by replacing Vl}?p(éc with Vﬁpcc. Therefore, when
Z, is calculated accurately, VIEC_ is equal to Vlﬁpcc. Notably,
since there isn’t Z in Eq. (4), this method cannot judge the
correctness of the calculated Z.
e Model B:

For nonlinear customers such as wind farms, photovoltaic
farms, etc., when the customers are out of operation, the har-
monic source is cut off, while the harmonic impedance is
still connected to the power grid. For this kind of customers,
the background harmonic voltage should be calculated
based on the model of superposition index. The reference
voltage is defined as \'/L]Epcc which can be theoretically
calculated using Eq. (5) by replacing VSPPPCC with VEPCC.
Therefore, when both Z,, and Z. are calculated accurately,
VS_U&C is equal to V,EPCC. Note that, since Eq. (5) is related
to both Z, and Z, Vlf_lg)CC equaling to VEPCC can verify
the correctness of the calculated impedances for the both
sides.

After determining the customer category, the calculated
harmonic impedance can be validated based on the amplitude
relationship between Z; and Z,. The detailed processes are
described as follows.

1) |Zc| IS NOT MUCH LARGER THAN |Zy|
In engineering practice, |Z.| is not much larger than
|Zy| means that |Z| will not exceed ten times of |Z,|. When
|Zc| is not much larger than |Z,|, according to Egs. (4)
and (5), obviously, the calculated background harmonic volt-
‘ V&%CCC and VSPPPCC are not equali‘ng to each other. Therfafore,
VEP(C:C is not equal to V'%pcc, and Vj-pec is not equal to Vlﬁpcc.
Theoretically, for model A, the background harmonic voltage
calculated by the superposition index can’t be matched with
the voltage measured after the customer is cut off. Similarly,
for model B, the background harmonic voltage calculated by
the IEC method can’t be matched with the measured voltage.
Consequently, if the method of calculating the background
harmonic voltage (i.e., the IEC method or superposition
index) is chosen wrong, the calculated harmonic impedance
will be misjudged as wrong, even when the calculation result
is accurate.

To avoid the above misjudgment, the customer model must
be matched with the correct method (the IEC method or the
superposition index).
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2) |Zc| IS MUCH LARGER THAN (Zy|

Under this situation, the calculation errors of Z. are usu-
ally unacceptable [10], [13]. Thus, only the accuracy of the
calculated Z, should be verified. Since |Z;| > |Zy|, then
Zy / Z. =~ 0, and Eq. (5) can be transformed into Eq. (7).
Hence, the background harmonic voltage can be calculated
by the superposition index without Z.

e 7z . .
sup u ~
Vipee = I—FTu/ZcIu ~ Lyly. @)

Note that, at this moment, Eq. (7) is equivalent to Eq. (4),
and the calculated VECCC and Vlfflppcc are approximately equal
to each other. Thus, the calculated Z, can be validated based
on either the IEC method or the superposition index no matter

what model the customer is.

3) DETERMINATION THE RELATIONSHIP OF |Z¢| AND |Zy]
When |Z¢| > |Zul, Zu / Z.~0, ipcc can be represented as

Ze ; Za
Ze+7Zu C Ze+7Za

jpcc = ju ~ ic- (®)

Therefore, by evaluating the similarity between ipcc and I,
whether |Z.] > |Zy| holds can be indirectly deter-
mined. In this evaluation process, the source signal ic
can be recovered by the independent component analy-
sis (ICA) algorithm [13]. The ICA is a blind source sep-
aration technique which extract original signals from the
observed signals without knowing how the source signals
mixed.

According to the Norton equivalent circuit (Figure 3 or
Figure 4), we have

2.7, 2.7,
chc _ Ze+7Zy Zc+7Zy I‘c )
Tpee Z; _ Zy Iy
T Ze + 7y Ze + 7y —_——

z

where matrix X contains the observed signals VP.CC and
Ipcc, matrix I contains the source signals I, and I, and
matrix Z is a mixed impedance matrix. Before using the
ICA algorithm, the fast-varying components of matrix X
(Viast and %) need to be extracted respectively by
using the linear filter [13]. Then, Vgggt and i;ac‘it can be
applied to recover the fast-varying components of the source
signals 1f' and If' though the ICA algorithm. After
that, the estimated impedance matrix Z can be calculated
by

~ AT ~A~T
Z=XxI dI)H)! (10)

where I is the source signal recovered by the ICA algorithm.
However, ordering and scaling indeterminacies are in the
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above process as shown in Egs. (11) and (12) [10].

- w ZZy W ZZy i"\fast
[Yag:té } = IZC%Z“ z A W
Ipcc Wi C B u . 'gast
— Z.+2Zy Zc+Zy w2
Z i
(11)
T BB 2T L
R R
Ipcc —Wy u w1 c - 'cfast
XV Zc + Zu ZC + Zu Wi
Z i
(12)

where w; and wy are uncertain coefficients that represent
scaling indeterminacy. Obviously, the order in matrix Iis
uncertain, which named ordering indeterminacies. To over-
come these two indeterminacies, define

{kl —7(1,1)/22, 1)

A N (13)
k = Z(1,2)/Z(2, 2)

Since the real part of the impedance in power system is
always positive, the order can be determined though the sign
of R(ky) and R(k;) where R means the real part. If R(k;) > 0
and R(ky) < 0, as the case with Eq. (11), Z, = k; and
Z. = —ky. Otherwise, in the case of Eq. (12), Zc = —k;
and Z, = —ko. After estimating Z, and Z, icfas‘ can be

yfast % fast
i 1!

estimated. Furthermore, the similarity between I,.;" and
can be calculated by the correlation coefficient expressed in
Eq. (14). The larger the correlation coefficient is, the higher
the similarity is. Empirically, when o in Eq. (14) is larger
than 0.9, it can be considered that |Z.| is much larger
than |Z,|.

Cov(X,Y)
VVar[X]Var[Y]

where X and Y correspond to the amplitudes of /525" and 75,
respectively; Cov (X, Y) is the covariance of X and Y; Var
[X] and Var [Y] are the variance of X and Y, respectively.

The flow chart of the proposed framework above is pre-
sented in Figure 5.

o(X,Y) = (14)

Ill. SIMULATION STUDY
The circuit models shown in Figure 3 and Figure 4 (a) are
utilized to simulate model A and model B, respectively. The
simulation analysis of the two models is based on two cases:
1) |Z| is not much larger than |Zy|, and 2) |Z¢| > |Zy|. The
harmonic currents and impedances are set as follows.
Harmonic current sources: The amplitude and phase angle
of I, are respectively set as 150 A and 50°. The amplitude
and phase angle of I, are respectively set as 150 A and —35°.
50% sinusoidal fluctuations and +5% random disturbances
are added to the amplitude and phase angle of both I, and I.
The parameters of impedances are shown in Table 1.
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FIGURE 5. The flow chart of the harmonic impedance validity verification.

TABLE 1. Simulation parameters.

|Z,| is not much large than |Z,] |Z|>>|Z,
Z, (Q) Z. (Q) Z, (Q) Z. (Q)
1+j8 2+j10 l+j8 15+j100

On the basis of the above harmonic currents and
impedances, 3000 PCC data are generated for the analysis
of the impedance calculation. Although various of the calcu-
lation methods have been proposed, most of them can only
calculate Z,,. In comparation, the ICA method can estimate
both Z, and Z [6], [10], [12], [13]. Therefore, the proposed
framework is used to validate the harmonic impedances cal-
culated by ICA.

A. |Zc| IS NOT MUCH LARGER THAN |Zy|

In this situation, the harmonic impedances calculated by ICA
are shown in Table 2. It can be concluded that both Z; and
Z. are estimated accurately. By referring to this conclusion,
the validity of our proposed framework can be verified.
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TABLE 2. Calculated results.

Impedance Calculation (2) Amplitude error (%) | Phase error (%)
Z, 1.0046 +j7.7360 3.24 0.33
Z, 2.0770 +j9.8772 1.03 0.72
— A e |7 IEC — ]
§ Vu-pcc Vu-pcc Vufll)lgc
E" 2400 \easured
S |
: 1800 Calculated
)
< 1200
=
éﬂ Calculated
26000500 1000 1500 2000 2500 3000
sample

FIGURE 6. Calculated and measured background harmonic voltages.

The customers are classified into two categories in the fol-
lowing verification analysis.

1) THE CUSTOMER BELONGS TO MODEL A

According to the proposed framework, the IEC method
should be chosen to calculate the background harmonic
voltages in this case. The simulation results are shown
in Figure 6. Obviously, the calculation results of the IEC
method (|V&%€C|) are consistent with the measured back-
ground harmonics (|Vlﬁpcc|), which correctly validate the
calculated Z,. In contrast, if the superposition index is cho-
sen, huge differences exist between the calculation results
(|V§_lg)cc|) and |Vlﬁpccl' Thus, wrongly conclusion will be
drawn that the calculated Z, are with large errors. Notably,
the correctness of the calculated Z. cannot be determined in
model A as is analyzed in Section II.

2) THE CUSTOMER BELONGS TO MODEL B

In this case, the superposition index should be chosen to
estimate the background harmonic voltages. Figure 7 indi-
cates that the calculation results (| Vs_uppcc |) are coincided with
the measured background harmonics (|V£pcc|). Therefore,
it can be concluded that both Z, and Z. are calculated cor-
rectly. In comparation, the estimated curve of the IEC method
(IViEC.]) has huge differences with [V ,.|. Thus, misjudg-
ment will be drawn that Z, and Z. are calculated wrongly.

B. |Zc| IS MUCH LARGER THAN |Zy|

In this condition, the calculation errors of Z. is generally
wrong; thus, there is no need to validate its correctness.
Two categories of customers are considered (Figure 8 and
Figure 9). For each case, |V&%€C| and |V§P§CC| calculated by
the IEC method and the superposition index are close to the
harmonic voltages measured when the customer is out of
operation. Thus, it can be concluded that Z, is accurately

estimated. Furthermore, Table 3 also indicates that the errors
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FIGURE 7. Calculated and measured background harmonic voltages.

TABLE 3. Calculated results.

Impedance | Calculation (Q) | Amplitude error (%) | Phase error (%)
Z, 0.9447+7.7592 3.05 0.22
Z, 14.713+125.35 24.81 2.25
= L — P EC — pS
% 2400 u-pce u-pec u-pce
gj Measured
E
1800
s Calculated
D
= Calculated
£
g 1200
g 0 500 1000 1500 2000 2500 3000

sample

FIGURE 8. Calculated and measured background harmonic voltages.

> IEC 7 su
— Vu_pcc — Vu_pg:

2400

1800 Calculated

Measured

1200 §

0 500 1000 1500 2000 2500 3000
sample

magnitude of voltage(V)

FIGURE 9. Calculated and measured background harmonic voltages.

of Z,, are extremely low. Consequently, the conclusions of our
proposed framework are correct.

IV. FIELD TEST VERIFICATION
A. CASE 1: MODEL A
Arc furnace, as a typical customer in model A, is used to
verify the practicability of the proposed framework in this
section. The data is measured from a 150kV bus of 100 MW
DC arc furnace, with sampling frequency of 6400 Hz. Har-
monics with respect to each harmonic order are obtained by
utilizing Fast Fourier transform to analyze the voltage and
current simple data per minute.

Generally, two single-tuned filters are installed at the cus-
tomer side to mitigate the 5™ and 7% harmonics, which
may cause |Zc| is not much larger than |Z,|. Besides, for
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FIGURE 10. The 5t harmonic voltages and currents measured at the PCC.
(a) The 5t harmonic voltages. (b) The 5t harmonic currents.

other harmonic orders, e.g., 3" harmonics, usually meet
|Zc| > |Zy|. To comprehensively validate our proposed
framework, the situations for 3™ and 5™ harmonics are dis-
cussed as follows.

1) THE 5™ HARMONICS

The 5™ harmonic voltages and currents are shown

in Figure 10. After 1000 minutes, the arc furnace is out of

operation for a short period (corresponding to the down time).
Based on the harmonic impedances estimated from the

ICA method, the calculated background harmonics and the

]'gast

separated are shown in Figure 11. Obvious differences

exist between the extractedl'&z‘ and the estimated /', Mean-

C

culated as 0.330) is relatively low. Thus, it can be determined
that |Z;| is not much larger than |Z,|. Referring to our pro-
posed framework, |V1épcc| should be matched with |Vl}%€c|
instead of |V§_u}f)cc|. Figure 11 (b) represents that |Vﬁpcc| is
matched with |VIEC |, which validates the calculated Z,.
In comparation, great differences exist between |\'/L{§pcc| and
|V§fg’cc|. Thus, if the superposition index is chosen to calcu-
late the background harmonic voltages, misjudgment will be
drawn that Z,, is calculated wrongly.

To further verify the above judgements, the probability
density diagrams of the background harmonic voltages are
shown in Figure 12. The probability density curve of |VJE)CCC|
is close t0|VL‘ﬁpcc|, while the difference between |V§_Lg)cc| and
|Vlﬁpcc| is large, hence the validity of the conclusions from
our proposed framework are further verified.

while, the correlation coefficient between i&m and [ (cal-

2) THE 3RP HARMONICS

The 3™ harmonics shown in Figure 13 are used to verify the
effectiveness of our proposed framework when |Z;| > |Zy].

VOLUME 8, 2020
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FIGURE 11. The 5t harmonic waveforms of the photovoltaic farm.

(a) Extracted ig‘;’cs‘ and estimated igast. (b) Calculated and measured
background harmonics.

e e
o )
D )

e
I
-

OD 50 100 150 200 250 300
amplitudes of background harmonic voltages(V)

probability density

FIGURE 12. Probability density of background harmonic voltages.

0 100 200 300 400 500 600 700 800 900 1000
t/min
(a)
250 T T T T T T
200 1
<
:3/ 150 Down time|
100 >l
50 1
0 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
t/min

(b)

FIGURE 13. The 3" harmonic voltages and currents measured at the PCC.
(a) The 3" harmonic voltages. (b) The 3'd harmonic currents.

Figure 14 (a) shows that the ;Cfa“ reconstructed from the

ICA is almost coincided with the extracted Igf:‘z‘. Besides,

the correlation coefficient between ig@ff and I (calculated
as 0.967) is larger than 0.9. Thus, |Z;| > |Zy| can be
determined. At this condition, theoretically, the background
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FIGURE 14. The 3'd harmonic waveforms of the photovoltaic farm.

(a) Extracted ifast and estimated ifest. (b) Calculated and measured
background harmonics.
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FIGURE 15. Probability density of background harmonic voltages.

harmonic voltages estimated from either the IEC method
or the superposition index can be used to validate the cal-
culated Z,. Actually, the calculated background harmonics
|VJE)EC| and |Vlfflppcc| are matched with the measured |V1ffpcc|
as shown in Figure 14 (b). Hence, it can be concluded that
the calculated Z, is with high accuracy.

Furthermore, the probability density curves correspond-
ing to |Vﬁge| and |Vy' el are just close to that of |Vlﬁpcc|
(Figure 15). Thus, the above conclusions are further
validated.

Besides, a customer belonging to model A is also studied
in the field test of reference [13]. The harmonic voltages
measured when this customer is out of operation are used
to validate the calculated harmonic impedance. Based on our
proposed framework, the IEC method should be chosen to
estimate the background harmonic voltage in the validation
process. Although the superposition index is chosen in refer-
ence [13], for the 5™ harmonic, the calculated Z, can still
be accurately verified since |Z.| > |Zy|. Notably, for the
7% harmonic impedance, since |Z¢| is not much larger
than |Zy|, the correctness of the calculated harmonic
impedance will be misjudged.
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FIGURE 16. The 23" harmonic waveforms of the photovoltaic farm.

(a) Extracted i{,gg' and estimated igast. (b) Calculated and measured
background harmonics.

B. CASE 2: MODEL B

When a photovoltaic farm is out of operation at night, the rel-
ative electric components e.g., the transformers, the lines,
and the filters, etc., are still connected with the power grid
Thus, only the harmonic source parts are cut off. In this paper,
a photovoltaic farm in China is treated as a typical customer
for model B to analyze the proposed framework.

Since the harmonic filters are installed in the photovoltaic
farm, |Z| is not much larger than |Z,| for some harmonic
orders (e.g., the 23" harmonics). Additionally, for other har-
monic orders, |Zc| > |Zy| is satisfied (e.g., the 9" harmon-
ics). Here, to completely validate the proposed framework,
both the 23™ and the 9™ harmonics are analyzed:

1) THE 23RP HARMONICS
It can be determined from Figure 16 (a) that |Zc| is not much

larger than |Z,| because iggi‘ and [ are quite different and

the correlation coefficient between Iggit and I (calculated
as 0.275) is low. Therefore, in this situation, |V£pcc|is the-
oretically matched with |V§fg’cc| instead of |V&%€C| when the
harmonic impedances are estimated correctly. The calculated
background harmonics shown in Figure 16 (b) indicate that
|Vf&c| is exactly matched with |Vl§ cc|- In comparation,
obvious differences exist between |Vfi)cc| and Vf_pcc. Hence,
only |V§_L},pcc| can be used to validate the calculated Z, and Z.
Otherwise, once | VE)(C:C | is chosen to be matched with | VEPCC [,
wrong conclusion will be drawn that the calculated harmonic
impedances are with large errors.
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FIGURE 18. The 9" harmonic waveforms of the photovoltaic farm.

(a) Extracted igggt and estimated ;gast. (b) Calculated and measured

background harmonics.

Moreover, the probability density curve of |V§_Lg’cc| is close
to IVIEPCCL while |V§E,(c:c| is quite different from |Vf_pCC| as
shown in Figure 17. Thus, it can be further concluded that
for customer in model B, if |Z.| is not much larger than |Z,],
only |V§fg)cc| can be chosen to judge the correctness of the

calculated harmonic impedances.

2) THE 9™ HARMONICS

Because the currents /2% estimated by ICA is consistent with

the extracted i;gi‘ as shown in Figure 18, and the correlation

coefficient between ipcc and ic (calculated as 0.998) is larger
than 0.9, |Z.| > |Zu| can be determined. In this situation,
theoretically, the calculated Z, can be validated by matching
either [Vipec| or [ViEC | with [V |. In fact, Figure 18
shows that both |V§P&C| and |VE)EC| are exactly matched with

|V£pcc|. Thus, it can be concluded that the calculated Z, is

with high accuracy.
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What’s more, the probability density curves of |V3}i&c| and
|VLE,CCC| are highly similar with |Vl?pcc| as shown in Figure 19.
Thus, the above conclusions are further validated.

C. DISCUSSION
On the basis of the above practical verification, the outcomes
of the research in this paper are analyzed as follows:

1) The method based on background harmonic matching
can effectively verify the validity of the harmonic impedance.
Yet, misjudgment does exist in the validating process.

2) Before validating the calculated harmonic impedance,
the amplitude relationship between Z. and Z, should be
judged.

3) If |Z| is not much larger than |Z,|, the customer must
be classified in model A or model B. For model A, the mea-
sured background harmonic voltage must be matched with
the voltage calculated by the IEC method. Yet, for model B,
the background harmonic voltage must be calculated by the
superposition index while validating.

4) If |Zc] > |Zy|, the measured background harmonic
voltage can be matched with the voltage calculated by either
IEC method or the by the superposition index no matter what
the model the customer belongs to.

As a result, the effectiveness the proposed framework has
been verified.

V. CONCLUSION

This paper focuses on the validation of the calculated har-
monic impedance and proposes a framework to validate it.
The main contributions are as follows:

1) The blank research about the validation of the calculated
harmonic impedance has been consummated.

2) By analyzing the properties of the IEC method and the
superposition index, find that the two methods cannot be cho-
sen arbitrarily to validate the calculated harmonic impedance.
Otherwise, some misjudgments may occur.

3) The customers are divided into two models according to
the way how they are out of operation, and the differences
between the IEC method and the superposition index are
analyzed in detail to distinguish their applicability for these
two models.

4) To accurately validate the calculated harmonic
impedance, an effective framework is proposed with-
out affecting the normal operation of the power system.
The simulation and the field case study have demonstrated
the effectiveness and reliability of the proposed framework.
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