IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 5, MAY 2023

6613

HW-DFT-Based Measurement Method of
Frequency-Coupling Characteristics Considering
Fundamental Frequency Deviation for
Stability Analysis

Meng Li
Bin Hu

, Graduate Student Member, IEEE, Heng Nian
, Student Member, IEEE, Yuming Liao, Graduate Student Member, IEEE, Haipan Li, Yiming Liu,

, Senior Member, IEEE, Han Li,

and Yaoxin Wang

Abstract—Impedance measurement is an effective method to
obtain the impedance characteristic of the renewable power gen-
erator. Discrete Fourier transformation (DFT) is commonly used
to extract measurement signals. However, when there is a slight
fundamental frequency deviation (FFD), the frequency resolution
of DFT may be insufficient due to spectral leakage (SL). Under this
circumstance, the measurement signals will be overlapped with the
fake spectra caused by the SL and unable to be extracted precisely.
Besides, when the frequency-coupling characteristic exists, FFD
will also lead to a change in coupling frequencies. Thus, SL will
also happen at the coupling frequencies, making it more difficult
to extract measurement signals. Targeting this issue, this article
analyzes the mechanism of SL and grasps the characteristics of
fake spectra caused by SL. Accordingly, a Hann-window-based
method is proposed to accurately extract the measurement signals
during FFD. The superiority of the proposed method is none of the
requirements to extend the original measurement time. Finally, the
experiments based on control-hardware-in-loop are carried out to
verify the effectiveness of the proposed method.

Index Terms—Frequency coupling, fundamental frequency
deviation (FFD), Hann window (HW), impedance measurement,
spectral leakage (SL).

1. INTRODUCTION

S THE utilization of renewable energy increases, the re-
A newable power generator (RPG) based on power electronic
technology has been extensively applied for the generation and
delivery of renewable energy, which also produces instability
risk to the renewable energy system [1], [2]. The instability
risk is mainly caused by the insufficient stability margin of the
interconnected system composed of the RPG and power grid.
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To mitigate the stability problem, stability analysis is necessary
to analyze the stability of the system. Impedance-based stability
analysis is a reliable method to judge the stability of intercon-
nected systems [3], [4], [5], [6], in which the impedance models
of the RPG and power grid are important information [7], [8],
[91, [10].

Research studies on the impedance modeling of RPG have
been widely reported in [5], [6], [7], [8], and [9]. In [5], [6], and
[7], the impedance model of RPG is considered a single-input
single-output model. The impedance model can be divided into
positive- and negative-sequence models, which can be ana-
lyzed independently. However, the investigation presented in
[8] and [9] reveals that the frequency-coupling characteristic
exists in RPG, which is mainly due to the asymmetrical control
[8], [9]. Assuming that f; is the fundamental frequency, the
frequency-coupling characteristic is manifested in that while
injecting the perturbation signal at the frequency of £, Hz, the
responses at f,, Hz and (f, — 2f1) Hz will exist in the system
simultaneously. Hence, the impedance characteristic will be
characterized as a 2 x 2 matrix, in which the diagonal elements
denote the positive- and negative-sequence impedance while
the off-diagonal elements can reflect the degree of frequency-
coupling characteristics [8]. The frequency-coupling character-
istic should be considered while acquiring the impedance model
of RPG; otherwise, incorrect stability analysis results may be
obtained [8].

Impedance measurement is an effective method to obtain
the impedance characteristic by injecting small-signal pertur-
bations [10], [11], [12], [13], [14]. And then, the impedance
can be calculated based on the terminal information [15], [16],
[17], [18]. For example, maximum-length binary sequence and
discrete-interval binary sequence are adopted in [12] and [13] to
measure the grid impedance for adaptive control, gain schedul-
ing, and reactive power control of grid-connected inverters.
Additionally, a pseudorandom sequence is proposed to identify
the battery impedance for health monitoring [14], [15], [16],
[17]. Furthermore, orthogonal sequences are applied in [18]
to measure the bus impedance of multiple interconnected in-
verters. Besides, the chirp signal is used in [19] and [20] to
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measure the impedance of a single-phase railway traction power
system.

The above-mentioned research studies have greatly con-
tributed to the improvement of impedance measurement tech-
niques. Merely, the frequency-coupling characteristic is not con-
sidered in the above-mentioned methods, which is extensively
observed in RPG [8], [9]. While considering the frequency-
coupling characteristic in the measurement, two groups of
linear-independent perturbation injection will be needed, and
the perturbations and responses at f;, Hz and (f;,—2f;) Hz should
be obtained for calculating elements of the 2 x 2 matrix. The
related research work has been widely discussed in [22], where
a multisine signal is designed for obtaining accurate frequency-
coupling characteristics of RPG.

However, the grid that is connected with the RPG may suffer
frequency deviation from the fundamental frequency point [23],
[24], which will bring difficulty to the impedance measurement
considering the frequency-coupling characteristic

1) When fundamental frequency deviation (FFD) occurs, the
frequency resolution of the discrete Fourier transforma-
tion (DFT) may be insufficient and thus spectral leakage
(SL) occurs. Then, the fake spectra caused by the SL
of the fundamental signal will be broadly spread in the
frequency band and superimposed with the perturbations
and responses, which will make it incapable of extracting
these measurement signals for impedance calculation.

2) Due to the variation in the fundamental frequency, the cou-
pling frequency (f, — 2f1) Hz will also be changed [22].
Therefore, based on the same reason, SL will also occur at
these coupling frequencies, and the measurement signals
at (f, — 2f1) Hz will be unable to be extracted precisely.

Selecting an appropriate sampling time and a reasonable
frequency resolution for DFT can tackle the difficulty of signal
extraction. However, since the deviation in frequency is uncer-
tain, itis difficult to always select the optimal length of sampling.
Extending the sampling time can reduce the extraction error
of signals at (f, — 2f1) Hz, which will considerably lower the
measurement efficiency. Thus, it is a better choice to investigate
the method to accurately extract the measurement signals under
FFD without the requirement to extend measurement time.

In existing research, the impedance measurement during FFD
has been studied in [23] and [24]. Zhong et al. [23] proposed a
two-stage series multiple-complex coefficient filter (TSMCCF)
to extract perturbations rapidly and precisely. This method is
useful when a few frequencies with a large frequency interval
are measured. Since the TSMCCF needs to be designed individu-
ally against each frequency component, when the measurement
frequencies are plenty, the same number of TSMCCF should
be designed. Moreover, when the perturbation frequencies are
changed, the coefficients of TSMCCEF also need to be adjusted
correspondingly. Therefore, this method lacks flexibility. Fur-
thermore, due to the fact that the magnitude of TSMCCEF is
not absolutely zero at a frequency close to the perturbation
frequency, the extraction accuracy will be influenced when the
frequencies of the two perturbations are close. Thus in [23], a
relatively large frequency interval (100 Hz) is used, which is
not small enough to measure the detailed impedance character-
istic. The cascaded delayed signal cancellation (CDSC)-based
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method proposed in [24] also has the problem of low flexibility.
Meanwhile, the CDSC-based method also only allows a few
frequencies with a large interval. Finally, the frequency-coupling
characteristic is not taken into account in the above-mentioned
research, and thus the difficulty of extracting the signals at
(f, — 2f1) Hz when SL occurs has not been tackled so far.

In order to obtain the frequency-coupling characteristic
of RPG under FFD, this article proposes a method that can
extract perturbation signals precisely even when SL occurs
without the requirement to extend the length of the sampling
signal. This article analyzes the factors that determine the
amplitude/phase—frequency characteristics of the fake spectra
caused by SL. Accordingly, the method to estimate the real
frequencies, amplitudes, and phases of measurement signals
according to the information about the fake spectra is proposed.
Furthermore, in order to minimize the mutual interference
between adjacent perturbation signals while a wideband signal
is used, the Hann window (HW) [25] is adopted to optimize this
method. When FFD occurs, the proposed method can precisely
extract the measurement signals at coupling frequencies, which
is essential to obtain accurate measurement results of the
frequency-coupling characteristic.

The rest of this article is organized as follows. Section II in-
dicates the impact of FFD on measuring the frequency-coupling
characteristic and the reason of poor measurement accuracy.
In Section III, the mechanism of DFT and SL is analyzed,
according to which the method of accurately extracting signals
while SL occurs is proposed. Accordingly, the application of
the proposed method to measure the frequency-coupling char-
acteristic is introduced. In Section IV, experiments based on the
Typhoon control-hardware-in-loop (CHIL) platform are carried
out to validate the effectiveness of the proposed signal extraction
method. Finally, Section V concludes this article.

II. IMPACT OF FFD ON MEASURING THE
FREQUENCY-COUPLING CHARACTERISTIC

Commonly, the frequency-coupling characteristic of the RPG
can be depicted by a 2 x 2 admittance matrix. In order to
achieve the measurement of the frequency-coupling admittance
matrix, two groups of linearly independent perturbation signals
are required [22].

In the process of the measurement, the following signals need
to be obtained [8], [22]:

v Vilh V..l ]

B Vp?[fp - 2f1] Vn2[fp - 2f1] (1)
L[ Ll nm1}

° Ip?[fp_Qfl] InZ[fp_Qfl]

where f; denotes the fundamental frequency; f,, denotes the fre-
quency of the positive-sequence perturbation (PSP); V denotes
the matrix containing the voltage measurement signal; I denotes
the matrix containing the current measurement signal; V,,[f}]
and Vo[f,, — 2f1] represent the voltage signals at frequencies
of f, Hz and (f, — 2f1) Hz, respectively, obtained in the first
injection; I,[f,] and Ips[f, — 2f1] represent the current sig-
nals at frequencies of f, Hz and (f, — 2f1) Hz, respectively,
obtained in the first injection. V,,[f,1, Vialfy — 2f11, I.[fp ], and
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TABLE I
PARAMETERS OF THE TYPE-IV WT UNDER TEST

Parameter Value Parameter Value
Rated voltage U 690 V Filter inductance L 0.53 p.u.
Rated power P 1.5 MW Stator Resistance R 0.004 p.u.
Fundamental frequency f; 50.1 Hz Rated Rotor Frequency f; 7 Hz
Switching frequency f; 5kHz GSC PLL control &, ky: 44 500 p.u.
Pole Pairs n, 52pu GSC current control ki, ki 335315 p.u.
Magnetic Flux ¢,, 8.15 Wb GSC voltage control k,, k,; ~ 1.56 55 p.u.
Stator Inductance Ly, Ly, 2.1 3.1 p.u. Dc-link voltage Vy 1200 V
DC capacitance Cye 52pu MSC current control kg, ki 9.8612 p.u.

L,2lf, — 2f1] represent the measurement signals obtained in
the second injection. The admittance matrix that describes the
frequency-coupling characteristic can be obtained by (2). Note
that the frequency is omitted for simplicity [22]

o Yol L L[V V]
Yo1 Yoo I Ino | V2 Vi '

Normally, the fundamental frequency is certain and known
before the impedance measurement, and thus the values of f;, and
(fp — 2f1) are easy to acquire. And DFT with sufficient frequency
resolution can be utilized to extract the amplitudes and phases
of the measurement signals in (1). Accordingly, elements of the
admittance matrix can be calculated by (1). Single sine-signal
and multisine signal injection can both be adopted for the above-
mentioned process. For avoiding the mutual interference brought
about by frequency coupling, frequency bins of the multisine
signal should be designed properly [22].

However, the deviation of f; may occur [23], [24] and will
cause a change in the coupling frequency (f, — 2f1). If the
deviation is smaller than the original frequency resolution, the
frequency resolution is likely to be insufficient to accurately
extract the measurement signals. As a result, SL will occur,
which will result in the following two challenges.

1) The SL of the fundamental signal will lead to the ap-
pearance of fake spectra in a wide frequency band, which
will interfere with the precise extraction of measurement
signals.

2) It is difficult to obtain the signals at (f, — 2f;) Hz due
to the insufficient frequency resolution. Moreover, when
multiple perturbation signals are injected at one time, the
fake spectra caused by the SL of the signals at (f,, — 2f;) Hz
may be superimposed with the adjacent frequency com-
ponents and make it more difficult to extract measurement
signals precisely.

In the rest of Section II, the experiments based on the Typhoon
CHIL platform will be carried out to reveal the issue. A detailed
description of the platform is presented in Section IV. The
measurements for Y7, and Ys; of a type-IV wind turbine (WT)
will be given. The parameters are presented in Table I. In this
case, fi = 50.1 Hz.

In this case, 18 integer measurement frequencies in the 10—
1000 Hz range are set for Yi; and 15 integer measurement
frequencies in the 10-200 Hz range are set for Ys;. Since the
magnitude of Y5 in the 200-1000 Hz range is extremely small,
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the admittance in this frequency band will not be measured. The
multisine signal is adopted as the perturbation signal due to the
better control ability of the spectrum characteristic [10]. After
injecting the multisine signal, the waveforms of voltages and
currents at the terminal of type-IV WT in 1 s are sampled for
calculating Y77 and Yo, and the frequency resolution is 1 Hz.
The DFT results for the voltage and current in phase a are shown
inFig. 1. As shown in Fig. 1, since the frequency resolution is not
enough to extract the fundamental signal at 50.1 Hz, SL occurs,
and the fake spectra appear in a wide frequency band. Note that
the amplitudes of fake spectra are relatively high compared with
the measurement signals in a wide frequency span, which will
certainly impact the accurate extraction of measurement signals.
A similar SL will also appear in the adjacent frequency bands of
the measurement signals at (f;, — 2f;) Hz, which will encumber
the extraction of these signals.

The measurement results of Y7, and Y5, are shown in Figs. 2
and 3, respectively, in which the blue solid lines denote the
actual admittance curves obtained by frequency scans based
on the injection of a single-sine signal [26]. Since the use of a
single-sine signal has the highest signal-to-noise ratio (SNR), the
results obtained by the frequency scan are considered accurate
admittance [10]. According to the figures, the largest measure-
ment error of Y1, can reach 26 dB and 157°, whereas the largest
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measurement error of Y1 can reach 12 dB and 171°, indicating
poor measurement accuracy.

From the measurement results of Y71, it can be seen that the
accuracy around fj (10-100 Hz) is much worse than that in the
frequency band far away from f; (100-1000 Hz). Combining the
content shown in Fig. 1, since the amplitudes of the fake spectra
are larger in the 10-100 Hz range, the impact of SL on the
extraction precision of measurement signals in the 10-100 Hz
range is more serious than that in the 100—1000 Hz range. Note
that the main signals that are used for calculating Y7, are V,,[f;]
and I, [f,] [22]. Since V,[f,] and I, [f, ] can be extracted directly
by DFT based on the 1-s sampling signal, the SL of fundamental
signals is the only factor that may impact the accurate extraction
of V,lfpl and I,[f,]. Thereby, the frequency components that
are far away from f; can be extracted more accurately, whereas
the frequency components near f; will be extracted with low
precision.

In order to corroborate the above-mentioned analysis, the
extraction errors of V,[f,] and I,,[f,] are depicted in Fig. 4, in
which E,(%) denotes the relative error of amplitude and E,(°)
denotes the phase error.

Frequency (Hz)

Fig. 5.  Extraction error of I'},2[f, — 2f1] while measuring Y21.

It can be concluded that the extraction error is great, especially
in thel0-100 Hz range, whereas the error is small in the 100-
1000 Hz range. Consequently, the measurement error of Y7, is
greater in the 10—-100 Hz range, which is consistent with the
analysis.

The main signals that are used to calculate Yo are
L,»lf, — 2f1] and V,[f;,] [22]. The extraction of I2[f, — 2f1]is
not only influenced by the SL of fundamental signals but also
by the SL of themselves (I,2[f, — 2f1]). The extraction error
of I,2[f, — 2f1]is shown in Fig. 5. As shown in the figure, the
extraction error is considerable in the 10-200 Hzrange. Thus, the
measurement accuracy is poor in the whole concerned frequency
band.

According to the above-mentioned cases, when FFD occurs,
the impact from the SL of the fundamental signal should be
eliminated, and the extraction method of signals at (f,, — 2f;) Hz
needs to be investigated, so as to obtain precise measurement
results. Apparently, extending the length of sampling to acquire
higher frequency resolution will be useful; however, the mea-
surement efficiency will be jeopardized. Therefore, the method
without the requirement to extend the measurement time should
be researched.

III. EXTRACTION METHOD OF FREQUENCY COMPONENTS
UNDER SL

A. Analysis on the Mechanism of SL

For the sake of investigating the method to extract measure-
ment signals without extending the length of sampling, it is
required to have the ability to estimate the real frequencies,
amplitudes, and phases of measurement signals according to the
spectrum with SL. Therefore, the mechanism and characteristics
of SL should be analyzed.

DFT is a common method to extract the spectral character-
istics of time-domain signals. In the impedance measurement,
DFT is often used to extract the perturbation components from
the voltage and current signals for impedance calculation. In
order to study the characteristics of SL. when the frequency
resolution is insufficient, it is necessary to analyze the cause
of SL combined with the principle of DFT.
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First, taking the signal with a frequency of f; Hz as an exam-
ple, the discrete time-domain sequence x(n) can be obtained by
long-time sampling [27], [28], [29]

2(n) = cos <27rf0;> n=0,1,2,... 3)
where f is the sampling rate.

Second, before implementing DFT, a window function will be
selected to extract a group of finite-length sequences from x(n),
which is defined as xy(n). Generally, the rectangular window
(RW) is usually used. The time-domain expression of an RW is
given as follows [27], [28], [29]:

1.0<n<N-1
i) =~ = {50 S 5= @

where w(n) denotes the time-domain window function, R(n)
denotes the time-domain function of RW, and N is the length
of xn(n). The expression of x y(n) is given as follows:

zn(n) =wn)z(n) = R(n)x(n). (%)

The spectrum characteristic of xy(n) will be different from
that of x(n). According to (5), the spectrum characteristic of
xn(n) can be written as follows:

. 1 . ;
Xw(e') = 5 X(e™) ® Wr(e™) (©)

where Wr(e*) represents the frequency-domain expression of
the RW and is expressed as follows [27], [28], [29]:

Wi sin(wN /2)

sin(w/2) ™

N-1
Wr(el?) = Z R(n)e *m =¢7J

n=0

X(e/) is the frequency-domain expression of x(n) and is given
as follows:

X (e?%) = 7[d(w — wp) + d(w + wo)] (8)

where wy = 27fy.
Accordingly

X () = HWa(@@~) 4 Wa(el )] @)

According to (9), the windowing operation on x(n) is equiva-
lent to shifting the spectral characteristics of the window func-
tion to the left and right by fo Hz and superimposing them with
each other. For example, when fy = 5 Hz, N = 10 000, and
fs= 10000 Hz, the frequency-domain characteristics of X yy(¢/*')
are shown in Fig. 6. As shown in Fig. 6, the interval between
two adjacent zero points of the amplitude—frequency curve is
fo/N=1Hz.

Third, DFT will be employed on x x(7) so as to estimate the
spectrum characteristic of x(n). In the frequency domain, DFT
is equivalent to sampling Xy(e*) at f,/M Hz intervals, where
M is the number of points utilized for DFT [27], [28], [29]. fo/M
can be defined as the frequency resolution (f;.) of DFT. The DFT
results for fo = 5 Hz and M = N = 10 000 are given in Fig. 7.

Since N = M, the sampling position of DFT is just at the zero
points and the maximum point of the amplitude—frequency curve
for X y/(€/*), so that the accurate spectrum characteristic of x(r)
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can be obtained. In the following, when M = 1.02N = 10 200,
the DFT results are shown in Fig. 8. Because f,~0.98 Hz, the
sampling position is no longer only at the zero points and the
maximum point; thus, many spectral lines that are not equal to
zero, which is the SL. phenomenon. Therefore, the DFT results
fail to reflect the real spectrum of x(n).

In this case, since M>N, the number of points used for DFT
is more than the length of xx(n). Thereby, zeros will be added
at the end of x(n) until the points are enough. According to
the results presented in Fig. 8, zero-adding will lead to SL and
inaccurate spectrum estimation.

In another condition, if fy = 55.3 Hz and M = N, the DFT
results will be performed as shown in Fig. 9.

As shown in Fig. 9, since f,- = 1 Hz, the spectral lines are all at
integer frequencies, making the component at 55.3Hz unable to
be extracted precisely. SL occurs, and in the adjacent frequency
band of 55.3 Hz, the fake spectra that gradually decay away from
55.3 Hz are generated. According to this case, another condition
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that will lead to SL is the insufficiency of f,.. Furthermore,
the characteristics of the fake spectra generated by SL will be
dependent on the minimum distance between the real frequency
and kf, (k =0, 1, 2, ...) and the spectrum characteristic of the
window function. This insufficientf, is caused by the insufficient
sampling signal length, which is also the reason for the poor
accuracy shown in Figs. 2 and 3.

B. Extraction Method of the Frequency Components

Based on the above-mentioned analysis, it is known that
the characteristic of fake spectra is determined by the win-
dow function and the distance between the real frequency and
fr. Therefore, the real frequency, amplitude, and phase of the
signal can be estimated according to the amplitude—frequency
characteristic of fake spectra. The following procedure can be
employed to extract the signals at the frequencies where SL
occurs.

1) The frequencies, amplitudes, and phases of the two nearest
fake spectra are, respectively, defined as f,,, a,, p, and
fn-1, Gn-1, pn—1. Moreover, f,, — f, — 1 = f. Take the
case when fy = 55.3 Hz and M = N as an example, f,, and
fn—1 will be given as shown in Fig. 10.

The amplitude ratio of the nearest two spectra (R} = a,/a,—1)
is acquired, which will be compared with the amplitude—
frequency curve of the frequency-domain window function so as
to judge the distance between the real frequency and the nearest
spectral lines.

Fig. 11 depicts the specific procedure for this step. In the
figure, the blue solid line denotes the magnitude of Wgr(e/).
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First, f; can be selected from O to f,- Hz at one certain interval,
according to which the magnitude of Wr(e®) at f; Hz (a;),
fi—f» and the magnitude of Wr(&/*) at (f;—f,) Hz (a;_1) can be
obtained. Second, Ry = a;/a;_1. As f; varies from O to f,., when
R = Ry, the real frequency of the signal (f;) can be determined
by

Je = fu— fi (10)

According to this step, f; can be estimated. The reason of
choosing the nearest spectral lines is that the nearest spectra
have the highest amplitudes, which suffer the least noise and
harmonic interference.

1) After determining the real frequency, the amplitude and
phase of the signal can be further derived according to the
amplitudes and phases of the nearest fake spectra. Assum-
ing that the frequency, amplitude, and phase of the nearest
spectral line are fiear, dnear, and Prear, respectively; the
real amplitude and phase of the signal atf; Hz are a, and p,,
respectively; the amplitude and phase of Wg(e/*) at 0 Hz
are Ay, and pq,m, respectively; the amplitude and phase
of Wgr(e/) at (fyear—f;) Hz are a,, and p,,, respectively.
And then, a; and p; can be expressed as follows:

GnearAwm,

ay = y Pt = Dnear T Pwm — Pw- (11)

w

C. Selection of Windows

The proposed method can estimate the real frequency, am-
plitude, and phase of the signal according to the characteristics
of the nearest fake spectra. When a wideband signal is adopted,
multiple harmonics will be injected at one time. The superim-
position of fake spectra from different harmonics may occur,
which will interfere with the accuracy of the extracted signals.
Therefore, the amplitudes of the fake spectra should be attenu-
ated quickly to avoid mutual interference. The attenuation rate
of the fake spectra is only related to the window function. In the
following, the spectrum characteristics of several representative
windows, including RW, HW, and Hamming window (HMW),
are compared to select the optimal window.

The time-domain function of HW is written as follows [25]:

H(n) =05 {1 — cos (i@”)} 0<n<N-1. (12
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According to (12), the frequency-domain expression of H(n)
can be derived as follows:

sin(wN/2)(q1 + q2 — q3)

N-1 )
Wr(w) =Y H(n)e /*" =
n=0

eJwN/2
(13)
where
jw/2
a1 = QS(izn((w 2)/ )
ei(w/2-1/N
42 = 4sin(r/N—-w/2) (14)

_ emil/2=m/N)
43 = 4sin(w/N+w/2)
Furthermore, the time-domain and frequency-domain expres-
sions of HMW are represented as follows [28]:

w(n) = M(n) = 0.58 — 0.42 cos (T) 0<n<N-1
(15)

sin(wN/2)

WM(w) - eJwN /2

(1.16¢1 + 0.84¢g2 — 0.84¢s3).
(16)

According to (7), (13), and (16), the amplitude—frequency
curves of RW, HW, and HMW are plotted in Fig. 12 [28].

According to Fig. 12, as the frequency gradually moves
away from 0 Hz, the magnitude decreases gradually. Among
them, HW obviously has the fastest descending rate, whereas
RW has the slowest descending rate. In order to highlight the
difference, the comparison between the amplitude—frequency
characteristics of RW and HW is depicted in Fig. 13.
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Fig. 14.  Flowchart of the proposed method to extract perturbation components.

From Fig. 13, it can be observed that at 2-3 Hz, the largest
value of the fake spectra using HW can be decreased to 2.7%. For
comparison, while using RW at 2-3 Hz, the largest amplitude
is 12.8%, which is much larger than that while using HW. And
12.8% still have the risk of interfering with the estimation of
other signals. The magnitude of the frequency-domain expres-
sion of RW at 9.5 Hz is 3.3%, which is still slightly worse than
2.7%. Therefore, using HW can minimize the interference of
different harmonics and allow much smaller intervals between
measurement frequencies.

Overall, the flowchart of the proposed method to extract
perturbation components is presented in Fig. 14.

D. Measuring the Frequency-Coupling Characteristic Using
the Proposed Method

The extraction method for the measurement signals at
(fp,—2f1) Hz during FFD is proposed in Section III-C. In the fol-
lowing, the application scheme of the proposed signal extraction
method for measuring the frequency-coupling characteristic will
be introduced.

1) Fundamental Signal Extraction and Subtraction: When
the fundamental frequency deviates, the original frequency res-
olution may be insufficient to extract the fundamental signal,
and thereby SL will occur, and the fake spectra will be great in
a wide frequency band. Therefore, after sampling the voltage
and current signals at the terminal of RPG, the fundamental
signal should be extracted by the proposed method to obtain
the frequency (f;), amplitude (A,), and phase (P,) of the fun-
damental signals. Accordingly, for the sake of eliminating the
influence of the fundamental signal, the fundamental signal will
be reconstructed in time domain and subtracted from the original
sampling signal. The reconstructed signal can be calculated as
follows:

F(n) = Agcos (27rfg;f+Pg) n=0,1,2,...,N — 1.

a7)

2) Measurement Signal Extraction: 'V p[fpl, Volfpl, Iplfp],
and I,,[f,] can be directly obtained by DFT using RW. And then,
Voalfy — 2f1]. Vaalfp — 2f11, Ip2lfp — 2f1], and Lo[f, — 2f1]
will be extracted by the proposed signal extraction method. To
minimize the mutual interference due to the injection of multiple



6620

2N
B\

cuit - Typhoon 602+

Computer

Fig. 15.  Hardware platform of the CHIL experiment.

harmonics, HW is utilized. This method will be named the HW-
DFT-based method in the following.

3) Impedance Calculation: Based on the extracted measure-
ment signal, the elements of the admittance matrix that can
describe the frequency-coupling characteristic can be calculated
by (2).

IV. EXPERIMENTAL VERIFICATION
A. Introduction of the CHIL Platform

For validating the effectiveness of the proposed HW-DFT-
based method, the experiments based on CHIL are carried out.
In the experiments, the impedance characteristic of a type-IV
WT is measured by the proposed method. The parameters of
the type-IV WT are given in Table I. The hardware platform
of the CHIL experiment is shown in Fig. 15. For the emulation
of the practical operation condition of the high-power RPG, the
model of the MW-level type-IV WT is developed in Typhoon
602+ with the time step of 1 us. Controllers of the type-1V
WT are executed in a TMS320F28335/Spartan 6 XC6SLX16
DSP+ FPGA control board, and the sampling frequency is set
at 5 kHz. There are signal conditioning circuits on the control
board. Using an analog/digital converter (ADC), the circuit
signals can be sampled by the control board and then utilized for
the generation of the switching signal, which can be outputted
by the digital output ports of the control board. Furthermore,
by analog output ports and digital input ports, the Typhoon
602+ platform can implement the output of circuit signals
and receive the switching signal from the control board. The
sampling ADC of the control board adopts AD7606 of Analog
Devices (ADI) Company. Accordingly, a 16-channel, 16-b ADC
is constituted by two 8-channel, 16-b AD7606, and the analog
input range of each is 20 V with overvoltage and overcurrent
protection.

In this article, the impedance measurement system is shown
in Fig. 16.

As shown in Fig. 16, the perturbation generator is connected
in series with the type-IV WT. The function of the perturbation
generator is to inject a small-signal perturbation signal while
supplying operating voltage to the type-IV WT.
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Fig. 17.  Waveform of the injected multisine signal at phase a.

B. Implementation of the Proposed Method

The same as the case presented in Section II, Y7, at 18 integer
measurement frequencies and Ys; at 15 integer measurement
frequencies are measured by the proposed method to verify the
effectiveness of the proposed method. The multisine signal is
adopted as the perturbation signal [22]. The frequencies are [10,
12,15,19,23,28, 35,43, 53, 66, 81, 95, 125, 168, 235,379, 617,
991] Hz for Y1 and [10, 14, 18, 23, 28, 35, 43, 53, 64, 86, 105,
119, 141, 168, 192] Hz for Y5;. The amplitudes and phases of
injected multisine signal are determined by the method presented
in [10]. The waveform of the injected multisine signal at phase
a is shown in Fig. 17.

During the perturbation injection, the waveforms of the three-
phase line-to-line voltages at the point of common coupling
(PCC) (Upcc), output currents (I,4.), and the output power
(Po, Qo) of the type-IV WT are shown in Fig. 18. As shown in
the figure, before the perturbation injection, the waveforms are
standard three-phase sine waves, indicating the normal operation
of the system. While injecting perturbation, the superimposition
of the multisine signal causes the waveform distortion. When the
injection is disabled, the waveforms can still return to standard
three-phase sine waves, indicating the system is still operating
normally.

First, Y7, is measured by the proposed method. The funda-
mental signals of voltage and current are extracted by the pro-
posed method. The procedure is displayed in Fig. 19. As shown
in Fig. 19(a), the amplitude ratio of the two nearest spectral lines
is Ry = 279.1/161.5~1.728. According to Fig. 19(b), the am-
plitude ratio of HW at —0.1 to 0.9 Hz is 0.4968/0.2876~1.727,
which is almost equal to R;. Therefore, the real fundamental
frequency f; = 50.1 Hz. Then, according to the procedure
introduced in Section III-B2 and Fig. 19, it can be determined
thatﬁlear =50Hz, Unear — 279.1V, Prnear = 169~7O’ Ayym = 1 pu,
Pwm = 0°, a,, = 0.4968, and p,, = 18°. Based on (11), the real
amplitude and phase of the fundamental signal can be derived.
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(c) Phase—frequency curve of HW.

In this way, the frequency, amplitude, and phase of the fun-
damental signal can be extracted by the proposed method based
on 1-s sampling, which are respectively [561.94 V, 151.7°] for
voltage and [1765.2 A, 150.9°] for current, whereas the real
value obtained by DFT based on 10-s sampling is [561.75 V,
153.2°] for voltage and [1765.7 A, 152.5°] for current. It can
be seen that the extracted value almost has no error compared
to the real value, which validates the accuracy of the proposed
method.

After extracting and subtracting the fundamental signal from
the original sampling signals, the measurement signals can be
further extracted by the proposed method. Fig. 20 shows the
extraction error for the amplitudes of V,[f,] and I, [f;,], which
are named E,, and E;,, respectively. According to the figure,
E,, is all lower than 3%, whereas E;, is all lower than 6%,
which is accurate enough to obtain precise measurement results
for Y11, indicating that the fundamental signal has been accu-
rately subtracted from the sampling signal and thereby the SL
of the fundamental signal will not influence the extraction of
measurement signals.

Olrl'lrmlll ]

6

s 4

Ez

o L 11

10' 107 10°
Frequency(Hz)

Fig. 20.  Extraction error for the amplitude of V,,[f,] and I,[f}].

The measurementresults for Y71 are showninFig. 21(a). In the
figure, the asterisks denote the results obtained by the proposed
method, and the red dots denote the results obtained by DFT.
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The length of the sampling signal remains 1 s while employing
two methods. Besides, the actual admittance is obtained by a
frequency scan based on the injection of a single-sine signal [26].
Since the asterisks coincide with the actual admittance curves,
the accuracy of the results obtained by the proposed method can
be concluded.

Second, Y2; is measured. The measurement signals at cou-
pling frequencies are extracted by the proposed HW-DFT-based
method. In order to reveal the accuracy of extracted signals, the
errors of extracted signals are given in Fig. 22. According to the
figure, the errors are lower than 6% and 6° for Io[f, — 2f1],
and the errors are lower than 2% and 6° for V,[f,, ], revealing the
precision of extracted signals.

The measurement results of Y5; are shown in Fig. 21(b).
According to the figure, the red dots heavily deviate from the
actual admittance, while the asterisks coincide with the actual
admittance, revealing the accuracy of the measurement results
obtained by the proposed method.

Subsequently, for the sake of testing the minimum allowed in-
terval of measurement frequencies while applying the proposed

method, the measurement of Yoy at an interval of 3 Hz in the
10-100 Hz range is conducted. The results are shown in Fig. 23.

According to Fig. 23, the measurement results coincide
with the actual admittance curves, indicating that the proposed
method can be effective while the frequency interval is only
3 Hz.

C. Comparison With the Existing Method

In order to clarify the superiority of the proposed method,
the comparison between the proposed method and the exist-
ing method proposed in [24] is given. In [24], a CDSC-based
method is proposed to accurately obtain the impedance of
the measured system under adverse grid voltage conditions,
including FFD.

By adjusting the parameters of CDSC, the unfavorable sig-
nals, such as unfavorable perturbations, the fundamental signal,
and harmonics, can be eliminated by a group of CDSC. Finally,
only the desired perturbations remain and can be separated by
another group of CDSC. Note that only perturbations with the
same frequency interval can be extracted by a group of CDSC,
requiring that the measurement frequencies should have equal
frequency intervals [24].
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The main advantage of the CDSC method is that the time-
domain waveform of a single perturbation can be extracted indi-
vidually, and the amplitude and phase of the perturbation signal
can be obtained based on the extracted waveform. Therefore,
DFT is not required, and only several complete periods of the
perturbation are enough to acquire useful information [24].

For illustration, a case is presented to reveal the performance
of the CDSC-based method. According to the requirement of
equal intervals, the frequencies are [120, 190, 260, 330] Hz. Af-
ter injecting the perturbations at these frequencies and sampling
the terminal signals of a type-IV wind turbine, the perturbations
are required to be extracted by CDSC. The transfer function of
a DSC can be written as follows:

DSCT(s) = & (145
nT g

In (18), fiag denotes the rotation frequency, T is the delay
period, and n is the delay coefficient.

Due to the frequency-coupling characteristic, the PSP at [ 120,
190, 260, 330] Hz and the negative-sequence perturbations
(NSP)at[19.8,89.8,159.8,229.8] Hz will be extracted. Since the
main focus of this article is FFD, the elimination of harmonics
and the fundamental signal will be considered perfect.

For PSP extraction, the NSP-filter CDSC is used to eliminate
NSP. The transfer function of the CDSC is given as follows [24]:

(18)

CDSC(s) = DSCJ (s)DSC? (s)DSCY (s) (19)

Since the first eliminated frequency is 19.8 Hz and the
frequency interval (fint) is 70 Hz, in (19), T = 1/70 s and
Sfiag = 70—19.8 = 50.2 Hz. The amplitude—frequency charac-
teristic of the NSP-filter CDSC is shown in Fig. 24.

As shown in Fig. 24, the gain of CDSC at NSP frequencies is
zero to eliminate NSP, which refers to the red parts in the figure.
In this way, theoretically, only PSP exists in the output signal.
The next step is to separate the four PSPs. For example, the PSP
separation CDSC with the amplitude—frequency characteristic
in Fig. 25 is adopted to obtain the PSP at 120 Hz.

As shown in Fig. 25, the gain is 1 at 120 Hz, whereas the gains
are 0 at 190, 260, and 330 Hz, meaning only the PSP at 120 Hz
can remain through the CDSC.

Subsequently, by changing the frequency of unity gain to the
other three frequencies, the four PSPs can be separated. In the
condition without any external noise, the waveform in Fig. 26
can be obtained.
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As shown in Fig. 26, from the period of the signal (8.3 ms),
the frequency of the signal can be determined as 120 Hz. The
current PSP can also be extracted by the same process. Note
that the amplitude of the PSP is much smaller, which is due to
the nonunity gain of the NSP-filter CDSC at 120 Hz, whereas,
since the gain of the CDSC for the current and voltage signals
are the same, the nonunity gain will not influence the accuracy
of impedance calculation [24].

The CDSC method can retain the desired perturbation by
eliminating the other components. The principle is excellent,
and the influence of noise interference is not considered. For
example, in the following, the random noise with the average
values 0of 0.25 V and 0.4 A is generated by the noise generator and
superimposed on the sampling signal. Then, the CDSC method
is repeated, and the waveform of the extracted 120-Hz PSP is
given in Fig. 27.

As shown in Fig. 27, the waveform is heavily distorted,
according to which it is unable to extract the 120-Hz PSP. Such
a result can be explained by the magnitude gain of the sum of
the NSP filter process and the PSP separation process for the
120-Hz PSP, which is shown in Fig. 28.

According to Fig. 28, at 120 Hz, the gain is only 0.003,
meaning that the perturbation is seriously weakened. Moreover,
in most frequency bands, the magnitude gain is greater than that
of 120 Hz. When there is noise interference, the noise at the
other frequencies will remain and superimpose with each other.
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Consequently, the waveform shown in Fig. 27 will be extracted.
Therefore, since enough gain is not given to the PSP and the
magnitude gain is not weak enough at the other frequencies, the
noise-suppression ability of the CDSC method is required to be
improved.

Another restriction of the CDSC method is that only a few
frequencies with the same frequency interval can be measured
at one time. It is known that due to the different complexity
of the impedance characteristic in different frequency bands,
frequencies with variable intervals are more effective than equal
frequency intervals [11]. On the contrary, an equal frequency
interval is not required while using the proposed method, which
has higher flexibility in impedance measurement.

For comparison, under the same noise condition, the pro-
posed method is also implemented. And the extraction errors
of I,o[f, — 2f1] and V, [f,] are given in Fig. 29.

From the figure, due to the noise interference, the extraction
error is a little bigger than that without noise interference (see
Fig. 22). However, the extracted signal still can obtain accurate
measurement results, which are shown in Fig. 30. In the figure,
the maximum magnitude error is only 1.36 dB, whereas the
maximum phase error is only 14°, indicating the accuracy of the
measurement results.

Since the proposed method adopts the amplitudes and phases
of the two nearest and largest spectral lines, which is not seri-
ously weakened compared with the original perturbation signal,
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as long as the injected perturbation signal has a sufficient SNR,
the accuracy of the proposed method can be guaranteed.

When the fundamental frequency is 50.3 Hz, the proposed
HW-DFT-based method is implemented. The extraction error
of the proposed method is given in Fig. 31. According to the
figure, the errors are lower than 10% and 11° for I,,2[f, — 2f1]
and the errors are lower than 1.2% and 4° for V,[f, ], revealing
the effectiveness of the proposed method at different frequency
deviations.

Based on the above-mentioned cases, when FFD occurs, the
proposed method can accurately extract and subtract the deviated
fundamental frequency, extract the coupling frequency signals,
and help to obtain accurate measurement results. Moreover,
compared with the existing method, the proposed method allows
a much smaller frequency interval and has the better noise-
suppression ability, which is beneficial to obtaining a more
accurate impedance characteristic.

V. CONCLUSION

This article indicates the difficulty of measuring the
frequency-coupling characteristic during FFD. The signal ex-
traction method based on HW-DFT, which can precisely extract
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measurement signals during SL, is proposed. The specific con-
tribution of this article can be concluded as follows.
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The deviation of the fundamental frequency may lead
to inaccurate impedance measurement results, especially
when the frequency-coupling characteristic exists. The
reason for poor measurement accuracy is the insufficient
frequency resolution and the occurrence of SL.

Based on the analysis of this article, when SL occurs,
the distance between the real frequency and kf;- (k = O,
1,2, ...) and the frequency-domain characteristic of the
window function can determine the amplitude/phase—
frequency characteristic of the fake spectra caused by SL.
Accordingly, an HW-DFT-based method is proposed to
accurately extract the measurement signals at coupling
frequencies when SL occurs.

The effectiveness of the proposed method is verified by
experimental cases based on the Typhoon CHIL platform.
Compared with the existing method, the better flexibility
and noise-suppression ability of the proposed method is
also validated.
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