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ABSTRACT Accurate estimation of the utility harmonic impedance is significant for harmonic control
and responsibility division. Traditional methods of estimating the utility harmonic impedance are valid on
the premise that the harmonic impedance on the wind-farm side is significantly greater than that on the
utility side. However, with the installation of filters and reactive power compensation devices in wind farms,
traditional estimation methods are no longer applicable. The accuracy of most existing estimation methods
depends only on the accuracy of the model. This can cause large errors in the estimation of the utility
harmonic impedance on a wind farm. To address this challenge, this paper proposes a method for estimating
the utility harmonic impedance for a direct-drive permanent magnet synchronous generator wind farm based
on a modified model with measured data. The proposed method uses the measured data to modify a model
to obtain a more accurate estimation of the utility harmonic impedance. The results of the simulation and
case study indicated that the traditional estimation methods have large errors when the background harmonic
fluctuates significantly or the wind-farm-side harmonic impedance is smaller than the utility-side harmonic
impedance. In contrast, the proposed method has a higher accuracy for the above scenarios.

INDEX TERMS D-PMSG wind farm, power quality, utility-side harmonic impedance wind-farm-side

harmonic impedance.

I. INTRODUCTION

With the continuous development of power systems, nonlin-
ear loads such as power electronic devices have gradually
resulted in increasingly severe harmonic pollution prob-
lems [1]. Calculating the utility harmonic impedance at the
point of common coupling (PCC) is a prerequisite for the
division of harmonic responsibility [2]-[5]. The harmonics
at the PCC of a wind farm are the result of the interaction
of utility harmonic sources (background harmonics) in the
internal and external systems of the wind farm. When
background harmonics are too large to be ignored, the
harmonic impedance on both sides at the PCC must be
reasonably calculated and the level of harmonic emission
evaluated [6], [7]. The wind-farm-side harmonic impedance
is primarily determined using an inductance—capacitance—
inductance (LCL) filter, reactive power compensation device,
collector line, and transformer of the wind generator [8].
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Because the amplitudes of the wind-farm-side and utility-side
harmonic impedances are similar, the effects of harmonics on
either side of the PCC must be considered simultaneously.

Existing methods for calculating utility-side harmonic
impedance based on harmonic data at the PCC [9]-[23]
primarily include the fluctuation method [9], linear
regression method [10]-[12], independent random vector
method [13], [14], independent component analysis
[15]-[20], and modern class method [21]-[23].

The fluctuation method calculates the utility-side harmonic
impedance based on the ratio of the harmonic voltage to
the harmonic current at the PCC. Reference [9] proposed
an improved fluctuation method based on the principle of
phase angle correction. However, it requires that the harmonic
source on the customer side has sufficient fluctuation and
the system background harmonic is relatively stable, both of
which are difficult to satisfy in an actual system.

The linear regression method calculates the utility-side
harmonic impedance by solving the coefficient of the
regression equation. Reference [11] proposed a method for
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measuring the utility harmonic impedance based on the
complex data-oriented least-square regression. However, the
method is invalid when the harmonic voltage and current at
the PCC do not conform to a linear relationship. Additionally,
the regression analysis becomes biased when the background
harmonic is not normally distributed.

The independent random vector method evaluates the
level of harmonic emission based on the near-independent
covariance of the harmonic current at the PCC and the
background harmonic voltage. Reference [13] estimated the
utility harmonic impedance using this method. However, this
method is valid on the premise that the harmonic impedance
on the customer side is significantly greater than that on the
utility side. Because the wind power generator filter has a
low impedance at some harmonic frequencies, the correlation
between the harmonic current and background harmonic is
enhanced. Therefore, the independent analysis is biased.

The independent component analysis (ICA) method sep-
arates mixed signals based on independent or weak correla-
tions of source signals and utilizes the similarity of historical
data to create node matching [15]. Reference [16] proposed
a practical harmonic impedance calculation method based
on fast ICA, which reduced the disturbances of the utility
harmonic to some extent. But this method also requires a
high degree of independence between the harmonic voltage
and current at the PCC. Data separation is difficult when
background harmonics account for a large proportion of
data. When the separated data are computed using the least-
squares method, a large amount of data and various iterations
are involved. If the initial values are set unreasonably, non-
convergence may occur.

Modern class methods include the AR model and Burg
algorithm [21], harmonic source fluctuation correlation [22],
measured harmonic data correlations [23], etc. Refer-
ence [21] assumed that the voltage and current at the PCC
satisfy the AR model and used the Burg algorithm to
calculate the coefficients of the AR model. But the noise in
the measured harmonics deteriorates the estimation results.
Reference [22] used the correlation of fluctuations of the
harmonic current on both sides of the PCC to calculate
the utility harmonic impedance. However, the calculation
results are influenced by the amplitude of the harmonic
fluctuation energy. Reference [23] used the correlation of the
harmonic data measured at the PCC to estimate the utility
harmonic impedance, but the computational effort increased
significantly when the correlation of harmonic data was
enhanced.

To justify the novelty of the research work in this paper,
Table 1 shows a comparison of the proposed method with four
basic methods.

In summary, most of the existing methods require
some mathematical assumptions, such as 1) the harmonic
impedance on the customer side is significantly greater than
that on the utility side [13], [14], 2) harmonic fluctuations
on both sides of the PCC are independent [15], [16], and 3)
harmonic data measured at PCC are correlated [22], [23].
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TABLE 1. Method comparison.

Method and
e Novelty of the
reference Limitation
research work
paper
This method requires The proposed method is not
Fluctuation sufficient fluctuation of affected by harmonic
[9] harmonics on both sides fluctuations on both sides of
of PCC the PCC
The proposed method
modifies the model with
Li This method fails when measured data, independent
inear
. the linear relationship of the limitations of the
regression .
(1] between voltage and system model. The harmonic
current no longer holds currents and voltages at the
PCC can conform to a
nonlinear relationship
The proposed method has no
This method is based on requirement for the
the premise that the harmonic impedance on both
Independent L .
harmonic impedance on sides of the PCC, and does
random

the customer side is not require the harmonic
vector [13] .
much larger than that on current to be approximately

the utility side independent with the

harmonic voltage

When the difference
between the harmonic

The calculation results of the

. proposed method are not
Independent impedances on the .
. affected by the correlation of
component customer side and the .
. . the amplitude of the
analysis [16] utility side is very small, .
harmonic impedance on both

the calculation accuracy .
sides of the PCC

is reduced

Because the installation of filters and reactive power com-
pensators on the wind farm side decreases its harmonic
impedance, the above assumptions do not hold true. Rel-
atively few studies have been conducted on this subject.
Existing methods are significantly limited by the accuracy
of the system model in practical applications, and they lose
validity when the preconditions are not satisfied. Based on
the above background and requirements, this paper proposes
a method based on a modified model with measured data to
compensate for the limitations of the system model.

This paper proposes a utility impedance estimation method
for a direct-drive permanent magnet synchronous generator
(D-PMSG) wind farm based on a modified model with
measured data. First, the component models of the wind
farm were constructed, and the wind-farm-side harmonic
impedance was calculated using the aggregation equivalent
method. Subsequently, the Norton equivalent circuit is used
to construct the estimation model for the utility harmonic
impedance. The measured harmonic current and voltage
at the PCC were processed using the random sample
consensus (RANSAC) algorithm to correct the estimation
model. Finally, a complex linear regression equation was
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established, and the utility harmonic impedance was obtained
using the complex least-squares method.

The innovation of this paper mainly lies in using the
measured data to modify the model. The proposed method has
no conditions for utility-side and wind-farm-side harmonic
impedances. Simulation and field-testing results revealed that
the proposed method can suppress the effect of background
harmonics within a certain range, verifying its accuracy and
feasibility.

Il. PROBLEMS EXISTING IN TRADITIONAL MODELS TO
ESTIMATE UTILITY HARMONIC IMPEDANCE

As shown in Fig. 1, the Norton equivalent circuit is utilized
to calculate the utility-side harmonic impedance [20]-[23].

Wind Farm Side

FIGURE 1. Equivalent circuit of the system and the wind farm.

In Fig. 1, I and [, are the utility-side and wind-farm-side
equivalent harmonic current sources, respectively. Zs and Z
are equivalent harmonic impedances. Upec and Ipcc are the
harmonic voltage and harmonic current measured at the PCC,
respectively.

The estimation accuracy of existing methods depends
heavily on the mathematical assumptions of the models
used. The fluctuation method requires sufficient fluctua-
tion of the harmonics at the PCC; the linear regression
method requires a linear relationship between the harmonic
voltage and current at the PCC; the random independent
vector method requires Z. to be significantly larger than
Zs; the independent component method has deviations
when the amplitude of Z; is approximate to Zg. In summary,
the estimation accuracy of existing methods depends greatly
on the limitations of its mathematical model. When the
premises of the models cannot be satisfied, the estimation
results have large errors. Z. may be equal to or less than
Zs, based on the special characteristics of wind farm struc-
tures. Therefore, existing models for harmonic impedance
estimation may lose their validity. Most of the above methods
are based on models, whereas the accurate estimation of
harmonic impedance requires a combination of correct
mathematical models and measured data. According to the
equivalent circuit, the following equations can be obtained:

ZsZ, ZeZs

Upee = I 1
pcc ZS+ZCC Zc+Zss ()
Lo = — 2 Z )
pcc—ZC+ZSc Zc+ZsS

Based on the equivalent circuit and (1) and (2), we can
observe that the harmonic voltage and current at the PCC
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result from the interaction between the utility and the wind
farm. The utility-side harmonic emission level (Upcc_s) and
wind-farm-side harmonic emission level (Upcc_c) are defined
as follows:

zZZ. . UZ
Zi+Ze © T Zi+Ze

zZ , _ ZUe
Zi+ 7. ¢ Ze+Ze

(€)

U, pce_s —

Upcc_c = Upcc - Upcc_s = 4
where U and U, are the utility-side and wind-farm-side
harmonic voltages, respectively. Based on the principle of
linear regression, there should be no correlation between the
explanatory variables and regression coefficients. Therefore,
in this study, we selected (2) to establish the regression
equation. Ipc was used as the dependent variable and I.
as the explanatory variable. The simulation results veri-
fied that there was a strong linear relationship between
Ic and Ipcc.

To accurately estimate the utility-side harmonic impedance
(Zs) for a D-PMSG wind farm, we must calculate the wind-
farm-side harmonic impedance (Z) in advance and measure
the harmonic voltage and harmonic current at the PCC.

Ill. PROPOSED METHOD

A. HARMONIC IMPEDANCE MODEL OF THE WIND FARM
1) HARMONIC IMPEDANCE MODEL OF D-PMSG

The D-PMSG system consists of a rotor-side converter
(RSC), grid-side converter (GSC), and a filter. The RSC and
GSC of the D-PMSG are separated using direct current (DC)
capacitors. Therefore, the harmonic impedance model of the
D-PMSG is only determined using the harmonic character-
istics of the GSC, control system, and filter. The D-PMSG
harmonic impedance model is illustrated in Fig. 2.

. Zg(s)
-L. s la Uy 4—0
+o——
Udc _| I~ ! Up )
-o0— ic U
} |-

A YV
;‘ Control system

FIGURE 2. Harmonic impedance modal of D-PMSG.

where i,, iy, and i. are the phase currents, uy, up, and u, are
the phase voltages, Uy is the DC side voltage, and L is the
filter inductor. The inverter model from [24] was used with
phase-domain current control, ignoring the phase-locked loop
dynamics. The harmonic impedance of the D-PMSG can be
calculated using

KinUgcHi(s)Gi(s) + sL

8 = A K UgeKr()Gu(s) v

where K, is the pulse width modulation modulator gain,
Gi(s) is the current sampling system delay, Gy(s) is the
voltage sampling system delay, H;(s) is the current control
compensator and Ki(s) is the feedforward gain.
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2) HARMONIC IMPEDANCE MODEL OF REACTIVE POWER
COMPENSATION EQUIPMENT

The static var generator (SVG) outputs the reactive cur-
rent through the inverter. transformers are often connected
after SVG as filter inductances to suppress the harmonics
generated by the inverters of the SVG. Hence, the DC-
side capacitor is connected to the external grid through the
inverter, filter inductor, and three-phase transformer. The
harmonic impedance of the SVG can be expressed as

ZsvG(s) = Zinv(s) + Z1(s) (6)

where Zp,, and Zr are the complex frequency-domain
expressions for the harmonic impedance of the inverter and
transformer, respectively. Zi,y can be calculated using (5).
To calculate Zr, it is necessary to determine the indefinite
admittance matrix Y of the transformer in advance. Consid-
ering the frequency characteristics and the capacitive effect of
the transformer, all the elements of the matrix were measured
using the method in [25]. After obtaining the matrix Y,
to solve Zr, it is necessary to perform terminal elimination
on Y, and maintain only the two terminals of the transformer
connected to the external circuit. Here, Y is a 2 x 2 matrix,
and Zt is the negative reciprocal of the non-diagonal elements
of Y.

Zr = —1/y12 = —1/y2 (7

3) EQUIVALENT HARMONIC IMPEDANCE MODEL OF A
COLLECTOR LINE

We assume that the collector wires are connected in a
hybrid manner. Cables are used between the generator and
box transformer, and between the box transformer and the
main transmission line. Overhead lines are used as the main
transmission lines. Z; is defined as the equivalent harmonic
impedance of a single collector line, and can be expressed as
follows:

_ Zg+2In
- n

Zr + 2y 3
where n is the total number of D-PMSGs on a single collector
line, Zy is the line connection impedance (cable impedance),
and Zy is the impedance of the main transmission line. Zy
can be calculated using

n n
Inm Y iZi=nZL -y (- DZ )
i=1 i=1
where Z; (i = 1, 2, 3...n) is the cable impedance

between adjacent generators, and its sum is the total cable
impedance Z; .

Using (9), the maximum and minimum values of Zy can
be obtained as

Inmax = 171 (Zi=0G=1,2,....n— 1), Z,=71) (10)
INmin = 2L (Zi =0 =2,3,...,n),Z1 =71) (11)
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B. AGGREGATION EQUIVALENCE METHOD

FOR WIND FARM

Accurately calculating the wind-farm-side harmonic
impedance requires detailed modeling of all units, which
requires a significant amount of computing resources.
To simplify the calculation, the collector network of a
wind farm is generally considered as a whole in practice,
regardless of its internal details.

Therefore, this study utilized the aggregation equivalence
method to simplify the wind farm network. The entire
network is classified according to D-PMSG parameters,
and the wind farm is considered as several generators
with corresponding box transformers. The principles of
equivalence are as follows: (1) The voltage, current, and
power at the PCC of the wind field are constant before
and after the aggregation, and (2) the unit capacity after
aggregation should be equal to the detailed model.

This study classifies wind farms according to the type
of generator used. We assume that there are p groups of
different types of D-PMSGs in a wind farm. Subsequently, the
entire collector network can be equivalent to a single collector
line connecting the p groups of the generators with the
corresponding box transformers. The aggregated harmonic
impedance of the collector network Zgeq consists of p groups
of wind power units and line-connection impedance.

Zfeq = ZGeq + ZNeq (12)

where Zgeq is the total harmonic impedance of the aggregated
wind power unit, and Zneq is the aggregated line-connection
impedance. Zgeq Was obtained by paralleling the p groups of
the different wind power units. To simplify the calculation
process, we define Zneq as the mean of its maximum
and minimum values, which are pZj.qm. and Ziegmin,
respectively, from (10) and (11). Zgeq and Zneq can be
obtained using

p
1
Zoeq =1/ ) ——F— (13)
e ; ZGeqi + ZpT
Z, ZLeqmi 7L+ ZL/p?
ZNeq _ P Leqmax;‘ Leqmin _ PLL +2 L/P (14)

where Zgeq; is the total harmonic impedance of the aggre-
gated wind power unit of group i, and Zgr is the impedance
of the corresponding box transformer.

When a D-PMSG ceases operation owing to faults or
other reasons, if the same type of ceased D-PMSG exists
in the wind farm, the number of equivalent wind power
units p after aggregation remains unchanged. Only one
aggregated equivalent wind power unit will be affected, and
its corresponding Zgeqi must be corrected. The topology of
the equivalent network remains unchanged; thus, Zneq is
consistent.

In summary, the wind-farm-side harmonic impedance can
be expressed as

ZteqZsVG

= ——"—+7ZsT (15)
Zfeq + ZsvG

C
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TABLE 2. All transformers used in the study.

Transformer types

Position

Purpose

SVG transformer

Connected to the DC
capacitor in the SVG

Calculate the harmonic

impedance of SVG

Connected between the )
Step-up . Calculate the wind-farm-
wind-farm bus and the
transformer side harmonic impedance

external grid

Calculate the equivalent
Connected after the D-

PMSG turbine

Box transformer harmonic impedance of

D-PMSG

where Zgt is the short-circuit impedance of the step-up
transformer. Note that the proposed aggregation equivalence
method applies only to the D-PMSG wind farm. To enhance
the readability of this article, all transformers used in this
study are summarized in Table 2.

C. UTILITY HARMONIC IMPEDANCE ESTIMATION FOR A
D-PMSG WIND FARM

Most existing methods are based on models, which can
result in significant errors when the premises of the model
cannot be satisfied. In this study, we utilized the measured
harmonic data at the PCC to modify the traditional model.
Therefore, the application of the utility harmonic impedance
estimation was extended, and a more accurate estimation
value was obtained. The following explains the specific
correction steps.

Based on the fluctuation of data collected at the PCC,
this study utilizes the RANSAC algorithm to process the
measured Upee and Ipee to reduce the error and obtain a
value closer to the true value. In this study, the harmonic
voltage and harmonic current are approximately linear.
Therefore, the harmonic data were fitted as a straight
line using the following equation: Ax + By + C =
0. The sample data (X) to be processed is presented as
X = {(a1+jb1,c1 +jd1)...(an + jbn, cn + jdn)} and the
distance (d;) from other data points is calculated using the
fitting model:

_|A(ai +jbi) + B(ci +jdi) + C| (=
VA2 + B2

If d; < 6, then this point is considered as the ‘inner point’.

The threshold value (8) is obtained as follows:

5— o +/2log(n) (17

Jn
where o is the standard deviation of the measured data. After
the algorithm ends, the new sample data are assumed to be
Niol- The signal selection criterion was constructed according
to the RANSAC algorithm. A local search was performed
on the fitted source signal, and the local signal with high
coincidence to the source signal was selected, which created

d; 1,2,....,n) (16)
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the data-filtering result closer to the true value. The algorithm
steps are summarized as follows:

I. Assuming that a total of n data points are measured, the
model to be fitted requires at least m points to decide (m <
n) II. The iteration number is set to k = 1. III. Randomly
select m points from n data points to fit the model. IV. Given
adeviation 6, calculate the distance d; from other points in the
dataset to the fitted model. If d; < &, then this data point is
considered as the interior point; otherwise, it is considered as
the exterior point. V. If the number of interior points exceeds
the threshold, the algorithm ends. Otherwise, letk = k41 and
return to step III. If k exceeds a specified value, the algorithm
ends, and the set of data points with the largest number of
interior points is considered as the data filtering result.

The measured data in this study were the interacted
harmonics for both the utility-side and wind-farm-side
harmonics. The method for calculating the wind-farm-side
harmonic impedance is described in section III. Subsequently,
I can be obtained using

Upcc

1. =
c Z

+ Ipec (18)

A regression model is required to calculate the utility-side
harmonic impedance. The slope of the fitted straight line was
obtained using the complex least-squares method. Owing to
errors in data collection and changes in the system state, the
relationship between the /.. and I is expressed as follows:

Iy = Bile + Bo+ ¢ (19)

where I, is the dependent variable, I. is the explanatory
variable, B1 and B, are the regression coefficients, and ¢ is
the deviation between the predicted and true values. 81 and
B> can be obtained using

Z.
= 20
B1 7 1 Z, (20
Bo = Zs I (1)
0 — Zc+Zs S

We assume that the original data of the Ipec and Upec (n
groups) are measured in a cycle. After processing using the
RANSAC algorithm, the number of data groups was no. The
regression equation can be expressed as

y=Ax+e¢ (22)
Y = [ToeeDlpee(). . Ipce (o) (23)
1 1 .. 171"
A:[un Q) ... kmm} @4
x = [Bopi]" (25)
e =[e(De2)...emo)]” (26)

the sum of squares of deviation & can be minimized as

Mol

min Z e}
i=1
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TABLE 3. Maximum harmonic distortion rate of utility grids.

TABLE 4. Parameters of PMSG generator and PMSG inverter.

Nominal voltage of power grid Maximum harmonic distortion rate

kV) (%)
0.38 5.0
6
4.0
10
35
3.0
66
110 2.0

and x can be obtained using the complex least-squares
method:

x=@A A~ Ay 27)
where A is the conjugation of matrix A. Subsequently, the
utility-side harmonic impedance can be obtained using:

_ Z(=B1)
Bi

Reference [26] demonstrated that harmonics gradually
decrease during transmission from a low to a high voltage
level. The regulation of the maximum harmonic distortion
rate of the public power network in GBT14549-93 is
presented in Table 3.

According to the law of decreasing harmonic transmission,
the allowable values of harmonic distortion rate for voltage
levels of 220 and 500 kV are set to 1.5% and 1.3%,
respectively [27]. Therefore, this method is applicable to
wind farms with a voltage level of 220 kV or below. When the
voltage level is higher than 220 kV, the proposed method is
no longer applicable because of the low harmonic distortion
rate, which results in difficulty in obtaining harmonic data
measurements. Additionally, the proportion of background
harmonics increases in high-voltage networks.

Finally, a flow chart for estimating the utility har-
monic impedance with a D-PMSG wind farm is presented
in Fig. 3.

Z (28)

IV. ALGORITHM VALIDATION

A. ERRORS IN CALCULATING WIND-FARM-SIDE
HARMONIC IMPEDANCE

A particular wind farm in China is considered as an
example, and the parameters of the D-PMSG and LCL
inverter are presented in Table 4. The generator and filter
parameters were obtained from the corresponding name-
plate, and the other parameters were obtained from actual
measurements.

According to the parameters in Table 4 and the method
proposed in reference [24], the parameters in (5) can be
obtained, which further leads to Zg(s). The amplitude and
phase of the harmonic impedance of each harmonic were
estimated and compared with the actual values. In practical
engineering, the inverter-side inductance (Liny) and grid-side

VOLUME 10, 2022

Parameters Value Parameters Value
Rated Power P 20 Filter Resistance Ry 01
(MW) ' (®) ’
Rated Voltage U, Inverter Side
(kV) 0.69 Inductance Li,, (mH) 0.18
Filter Capacitor Ct Grid Side Inductance
700 0.04
(1F) L, (mH)

Correction of traditional
model using measured data
at the PCC

Calculation of wind-farm-
side harmonic impedance Z,

Input data: Three-phase
harmonic voltage and
harmonic current at the PCC
point

i

Processing the measured data
(Zyces Upee) using RANSAC
algorithm. The result of data
collection is recorded as N

Using the harmonic voltage
and harmonic current at the
PCC and wind-farm-side
harmonic impedance Z, to
calculate 7,

Constructing the complex
linear regression equation

Using the complex least
square method to solve the

Input parameter: Generator,
SVG and Wind farm feeder

l

Calculating harmonic
impedance Zsyg of reactive
power compensation equipment
and short-circuit impedance Z;
of boost transformer

A

Using the aggregation
equivalence method, the entire
electric collection network is
equivalent to a combination of
a single feed line and a wind
power unit

Calculating the total harmonic
impedance of wind power unit
and line connection impedance
in the aggregated wind farm
network

regression coefficients, then
calculate utility side harmonic
impedance.
Calculation of utility
harmonic impedance Z,

Calculating the wind-farm-side
harmonic impedance Z, after
aggregation

|
|
|
I
I
I
I
I
|
|
|
|
| with /. and I,
|
|
|
|
I
I
I
I
|
|
|
|

FIGURE 3. Flow-chart for estimating utility harmonic impedance for a
D-PMSG wind farm.

inductance (Lg) of the LCL filter fluctuate. The inductance
ratio (k) is defined as follows:

k = Liny /Lg (29)

Many measured parameters of the LCL filter have revealed
that in actual wind farms, the range of k is frequently between
4 and 6. The impedance curves of the D-PMSG at different £
values for each harmonic are shown in Fig. 4. For the 5th, 7th,
11th, and 13th harmonics, the actual harmonic impedance
curve of the D-PMSG is within the upper and lower boundary
curves.

The error of the line-connection impedance (Zy) is
analyzed as follows. The wind farm is assumed to consist
of 25 generators and five collector wires that connect five
generators. The length of the collector wire is 4.3, 9.1, 12.4,
14.5, and 16.2 km, respectively. The unit impedance of the
collector line at a power frequency is 0.144j0.33 Q/km.
The number, length, and unit impedance of the collector line
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2.5
L k=6.0
s 2 E—
B 1.5 — k=4.5 (Rated value)
k= — k=4.0
= 1
g
<0.5
0

47 10 13 _16 19
Harmonic Order

2225

FIGURE 4. Amplitudes of the harmonic impedance of the D-PMSG at
different inductance ratios.

TABLE 5. Accurate and equivalent values of the line-connection
impedance.

The line-connection impedance Z, in different harmonic orders (£2)

Harmonic order 5 7 11 13
Sce‘]““i" 15268° 73281° 46/15°  1.6/£-31°
Scenario | 5 3 g0 10/81° 6.8./15° 24./-31°

Actual 2

; .

Yo | Seenario |3 2680 152810 094150 03/-31°
Scerario | 05.,68°  22/81°  14215°  05231°

Calculated value | 13.268° 62281° 39/15°  14./-31°

can be obtained by actual measurement. Z; was assumed
to contain £20% fluctuations. The extreme conditions
that may occur in the collector network were considered:
Scenarios 1 and 2: the generators are all at the end of
the collector line with the minimum or maximum Zj;
Scenarios 3 and 4: one generator is at the end, and the
rest of the generators are at the top of the line with the
minimum or maximum Zi. The actual value of Zy was
calculated using (9). Zneq Was calculated using the proposed
aggregation-equivalent method. These two values are listed
in Table 5.

As shown in Table 5, for the major harmonics, the calcu-
lated values of the connection impedance of the collector net-
work lay between the boundaries of the actual values. Under
normal operating conditions, the approximate calculation
of the connection impedance of the collector network using
the aggregation equivalent method has a certain accuracy.
The error in the wind-farm-side harmonic impedance was
then analyzed. Other wind farm parameters are listed in
Table 6. The parameters of the step-up transformer, SVG,
and SVG transformer were obtained from the corresponding
nameplates. PCC parameters can be obtained by actual
measurement.

The calculated and average values of the wind-farm-side
harmonic impedance for a measured point located on the
35 kV bus are presented in Table 7. The calculated values
were obtained using the proposed aggregation-equivalent
method.

g 1s the relative error of the amplitude of the wind-
farm-side harmonic impedance. In an actual operation, Z is
between the boundary values. A large amount of measured
data revealed that Z; is approximately normally distributed.
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TABLE 6. Other parameters of the wind farm.

Parameters Parameter Description
PCC Rated voltage: 35 kV. Short-circuit capacity: 766 MVA
Step-u Rated voltage: 230/38.5 kV. Rated capacity: 100 MVA
transg)rrlr)ler Short-circuit impedance of transformer: 6.6%. Short-
circuit loss: 217 kW
SVG Rated capacity: 9 MVA. Rated voltage: 10 kV
SVG Rated voltage: 38.5/10.5 kV. Rated capacity: 10 MVA
Short-circuit impedance of transformer: 10%. Short-
transformer

circuit loss: 60 kW

TABLE 7. Calculated and average values of the wind-farm-side harmonic
impedance.

Wind-farm-side harmonic impedance Z. ()

Harmonic
order Maximum Minimum Average Calculated
value value value value
5 3.09286.5° 3.01£87.9° 3.05.£87.2° 3.08.£87.2°
7 546..85.8° 5.10£87.3° 527.864° 5.28.86.2°
11 8.06.71.8° 8.95.83.6° 8.50L77.4° 8.45.772°
13 6.95/81.5° 692.86.2° 693.83.9° 6.90,83.8°

Hence, the probability of Z. being near the mean value
was the highest. Therefore, the true value is approximated
using the average value. As Table 7 shows, the maximum
values of g for the Sth, 7th, 11th, and 13th harmonics were
4.0%, 16.3%, 6.3%, and 1.1%, respectively. The maximum
amplitude error was 16.3%, which indicates that the pro-
posed method for approximately calculating Z. has some
accuracy.

The various parameters of the components of a wind farm
fluctuate. Therefore, the actual parameters deviate from the
rated parameters, causing fluctuations in Z.. Based on the
actual operation of the wind farm, the parameters that fluctu-
ate are assumed to be the D-PMSG inverter-side inductance
(Liny), D-PMSG inverter-side filter capacitance (Cf), and
step-up transformer short-circuit impedance (Zst) [28].

Liny, Cr, and ZgT may simultaneously increase or decrease,
respectively. The maximum fluctuations of Li,y, Cr, and
Zst were assumed to be £5%, +5%, and £10%, respec-
tively [28]. Two extreme scenarios were considered: all three
parameters were the maximum, or they were minimum.
The boundary and estimated values of Z. with the rated
parameters are shown in Fig. 5. We observed that the
estimated Z, was within the upper and lower boundaries,
which indicates that the proposed method has a certain
accuracy under small parameter fluctuations. In addition,
using the proposed method, Z; can be calculated up to the
50th and even higher, but the harmonic impedance of the 2nd
to the 25th can already reflect the accuracy of the proposed
method.
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FIGURE 5. Amplitudes of Z. when parameters fluctuate.

B. CALCULATION OF THE UTILITY-SIDE HARMONIC
IMPEDANCE
In this section, Z; is calculated using the simulation data. The
error is solved by comparing it with the true value to verify the
accuracy of the proposed method for calculating the utility-
side harmonic impedance.

Simulations were performed using MATLAB R2019a. The
simulation parameters were defined as follows:

1) Harmonic current: The amplitude of the wind-farm-
side harmonic current (I.) was 50 A with £10% sinu-
soidal fluctuations and +5% normal fluctuations. The
phase angle was 30° with £5% normal fluctuations.
The amplitude of the utility-side harmonic current (I;)
was g times the /; and the phase angle was set to 10°.

2) Harmonic impedance: The system-side harmonic
impedance (Z) was 3+j4 2, and the wind-farm-side
harmonic impedance (Z;) was 2+j3 Q.

A total of 1000 data points were simulated, and 100 points
were considered as a group. The results of the proposed
method were compared with four other methods (Methods 1
to 4 were the reference methods: the fluctuation, binary linear
regression, independent random vector, and independent
component methods. Method 5 is the proposed method). It is
worth noting that no DC components are considered in the
analysis of both simulation and field-testing data.

1) BACKGROUND HARMONICS ARE NORMALLY
DISTRIBUTED

The amplitude and phase angle of Iy were assumed to
contain +5% normal random perturbations, and ¢ increased
gradually. As shown in Fig. 6, the error of Methods 1 to
3 increased significantly with the increase in background
harmonics, whereas Method 5 was the least affected. This
was because the linear relationship between Ipcc and Upcc was
weakened when the background harmonics increased, which
resulted in higher errors in the fluctuation and binary linear
regression methods. The independent random vector method
approximated I with I, and the error increased with the
fluctuation in Jpcc.

As g increases, the background harmonics increase, and the
linear relationship between Ipec and Upcc is weakened. Scatter
maps of the amplitudes of the Iec and Upe for different
q values were plotted, and the correlation coefficients were
calculated (Fig. 7).
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FIGURE 7. Amplitudes of Ipcc and Upcc for different g values.

When g = 0.1-0.5, the correlation coefficient r > 0.942,
the linear relationship between Upc and I, was maintained,
and Zg was constant. When g = 0.5-1, r is between 0.942 and
0.829, the linear relationship gradually weakens, and the
value of Z; fluctuates slightly. Wheng > 1 and r < 0.829, the
linear relationship disappears, and the value of Z; is unstable.
Because the RANSAC algorithm utilized in this study was a
first-order fitting, the method failed when there was no linear
relationship between Upec and Ipcc. Therefore, the proposed
method is applicable only when g < 1.

In this study, the slope was calculated by constructing
a first-order linear regression equation for I and /. and
further calculating Zg. Therefore, it was necessary to verify
the linear relationship between I and Ipec. As g increases,
the scatter plot between I. and Ip. is shown in Fig. 8,
and the correlation coefficient (r) for different ¢ values was
calculated.

As shown in Fig. 8, the linear relationship between /. and
Ipcc decreases slightly as g increases, but generally maintains
a good linear relationship. When q is less than 1, r is greater
than 0.94. Therefore, when ¢ < 1, the first-order linear
regression equation for /. and Iy is valid, and Zs can be
calculated by solving the regression coefficient 8.
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FIGURE 9. Polar coordinate diagrams of Us when background harmonics
are normally distributed. Us calculated using (a) Method 1, (b) Method 2,
(c) Method 3, (d) Method 4, and (e) Method 5. (f) Reference Us.

Given that I is known, the value of U can reflect the
accuracy of the Zg calculation. The value of Uy can be
calculated directly from the product of /s and Zg. To verify the
validity and accuracy of the proposed method further, Fig. 9
shows the polar coordinate diagrams of U; calculated using
each method when g = 0.5, as well as the reference values of
U, (actual values).

As shown in Fig. 9, Method 5 exhibited the best con-
sistency with the reference value. Method 1 required high
accuracy for harmonic voltage and current. Therefore, the
calculation results do not satisfy the requirements when
the disturbance source fluctuates significantly at the PCC.
Method 2 was also affected by inaccurate data, which resulted
in a loss of robustness for the regression equation. Method
3 statistically suppressed the effects of the fluctuation of
background harmonics on the estimation accuracy, but it
required that the harmonic impedance on the wind farm side
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FIGURE 10. Errors of amplitude and angle of Zs when background
harmonics are non-normally distributed.

be significantly greater than that on the utility side. Based
on the specific structure of the wind farm, the D-PMSG
filter exhibited low impedance at some harmonic frequencies,
which did not satisfy the precondition. Because Method
4 utilized the ICA algorithm, the result of data separation
appeared as a singular solution in a few scenarios, which
decreased the overall estimation accuracy. Method 5 uses
the measured data to modify the model and is not affected
by background harmonics. Therefore, the distributions of the
amplitude and phase angle of the U, obtained using Method
5 were closest to the true distributions, which verified the
accuracy of the proposed method.

2) BACKGROUND HARMONICS ARE NON-NORMALLY
DISTRIBUTED

The amplitude and phase angle of the I; were assumed
to contain £5% sinusoidal fluctuations and +5% normal
random perturbations. The value of g gradually increased.
As Fig. 10 shows, the errors of Methods 1 to 4 gen-
erally increased compared with the normally distributed
background harmonic. That of Method 2 increased the
most because the background harmonic impedance was not
constant. Because the background harmonic could not be
ignored here, the error of Method 1 increased significantly
when g exceeded 0.5. Therefore, it is not advisable to
consider only the wind-farm-side harmonics. As g increased
gradually, the errors in Methods 1 to 4 increased significantly.
The accuracy of Method 5 was higher than that of the
other methods. Because the background harmonic was not
normally distributed, the randomness and uncertainty of the
harmonic emission increased, which increased the error of
Method 4.

Similarly, Fig. 11 shows the polar coordinates of the values
calculated using each method and the reference values (actual
values) of the utility-side harmonic voltage when g = 0.5.

As shown in Fig. 11, for Methods 1 and 2, when the
background harmonic was not normally distributed, the error
in the calculation results of U increased significantly. This
is because the fluctuation in the background harmonics
increases further. Therefore, if the harmonic impedance is
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FIGURE 11. Polar coordinate diagrams of Us when background harmonics
are non-normally distributed. Us calculated using (a) Method 1,

(b) Method 2, (c) Method 3, (d) Method 4, and (e) Method 5.

(f) Reference Us.

solved using the ratio of the changing harmonic voltage
to the harmonic current or by establishing a binary linear
regression equation, the calculation results cannot satisfy the
engineering requirements. The amplitude of Us calculated
by Methods 3 and 4 was closer to the true value, but a
phase error still occurred. In Method 3, the D-PMSG filter
exhibited low impedance characteristics at certain harmonic
frequencies. Additionally, the background harmonics were
not normally distributed, and the wind-farm-side harmonic
sources exhibited non-normal distributions at some harmonic
frequencies. Thus, the approximate independency between
the utility-side and wind-farm-side harmonic sources is weak-
ened. Therefore, it is not feasible to eliminate the background
harmonic correlation using covariance characteristics and
then calculate the utility-side harmonic impedance. Method 4
also required that the harmonic sources on the utility side and
wind-farm side change approximately independently. The
ICA algorithm was required to decompose the fluctuating
X-Y orthogonal component of the harmonic voltage and
harmonic current at the PCC to obtain the independent
component. The background harmonics which were non-
normally distributed affected the separation of harmonic data
at the PCC, which increased the calculation error. Method 5
is not disturbed by the background harmonics, so the non-
normally distributed background harmonics do not affect
the harmonic impedance estimates. Consequently, Method 5
exhibited the best consistency with the reference values.

C. ANALYSIS OF FIELD-TESTING DATA

The values of Iy and Upec were measured at a 150 kV bus
outside a certain wind farm in China under the 11th harmonic.
The sampling frequency was 5 kHz. The linear correlation
coefficient between the Ipec and Uy was calculated to be
0.9664. Therefore, there was a strong linear relationship
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FIGURE 13. Estimated values of the 11th utility harmonic impedance.

between the Ipee and Upee, and the proposed method was
applicable. The value of Z. was calculated to be 24.9/18°€2.
The harmonic current and harmonic voltage were collected
during the operating period of the wind farm (0-500 min).
The collected data were processed using the RANSAC
algorithm to obtain the utility-side harmonic impedance.
Fig. 12 shows the measured 11th harmonic current and
harmonic voltage at the PCC. Each point in the figure
represents the average harmonic sampling data within 1 min.

For the collected harmonic data, the amplitude and phase
angle of the utility-side harmonic impedance were calculated
using Methods 1 to 5, respectively, to obtain the Zg values
within the measurement period, as shown in Fig. 13.

Owing to the stable operation of the entire system during
data collection, Upcc and I,cc conform to a linear relationship.
The change in Zg is small; therefore, the accuracy of the
proposed method can be guaranteed based on this feature.
Because the ratio of Upee to Ipec was relatively high in the
first 100 data points, the amplitude and phase angle of Zg
calculated using Method 1 were significantly higher than
those calculated using Methods 2 to 5. The amplitude and
phase angle curves of Zg obtained using Methods 2 to 4 were
similar. As boxes a and b in Fig. 12 show, the values of Upc.
and Ipcc fluctuated significantly during this period, which
resulted in a decrease in the linear relationship between
the harmonic voltage and current. Therefore, the calculated
values of the phase angle using Method 2 in these two periods
were greater than those of the other methods.

As shown in Fig. 13, the amplitudes of the utility-side
harmonic impedance fluctuated from 26 to 42 €2, with an
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average value of approximately 29 2. This does not satisfy
the premise of Method 3; that is, the amplitude of Z. should
be significantly greater than Z;. Therefore, the amplitude
and phase angle of Z; calculated using Method 3 fluctuated.
Method 4 suppressed the fluctuations of the amplitude and
phase angles of the harmonic sources to some extent and
required no matching prior data. However, the accuracy for
separating harmonic data measured from the PCC was easily
affected, and the iteration speed for utilizing the data unmix-
ing matrix was low, both of which increased the fluctuation of
the calculated values. Additionally, for some abrupt harmonic
signals with large variations (box c in Fig. 12, for example),
it was difficult to determine the unmixed signal after inputting
the observation signal. Therefore, the source signal could
not be solved. These factors create difficulties for practical
applications. The above evidence proves the accuracy and
validity of the proposed method.

V. CONCLUSION

Most existing methods for estimating the utility harmonic
impedance are based on models. When the premise of a
model cannot be satisfied, the estimation results will have
large errors. Owing to the installation of filters and reactive
power compensation devices on the wind farm side, Z. may
be less than or equal to Zs. This poses a challenge when
estimating the utility harmonic impedance. In actual systems,
the harmonic impedance cannot be solved based only on
mathematical models. In this paper, a method of estimating
the utility harmonic impedance for a D-PMSG wind farm
based on a modified model with measured data is proposed,
which overcomes the challenges of relying solely on models.
The estimation results are not affected by the amplitudes of
the harmonic impedances on both sides of the PCC. The
effectiveness of the proposed method was confirmed using
simulations and field-testing data. Back-to-back converters
in wind farms may emit high-frequency harmonics during
operation; thus, estimating the utility impedance in these
high-frequency harmonics is a direction for further research.
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