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Wavelet-Based Monitor for Grid Impedance
Estimation of Three-Phase Networks

Denis K. Alves, Ricardo L. A. Ribeiro, Member, IEEE,
Flavio B. Costa, Member, IEEE, Thiago O. A. Rocha, and Josep M. Guerrero, Fellow, IEEE

Abstract—This paper proposes a wavelet-based monitor
(WBM) for grid-impedance estimation, which combines a
wavelet-based transient detection scheme (WB-TDS) and
a wavelet-based grid impedance estimator (WB-GIE). The
WB-TDS employs the analysis of the wavelet coefficients
energy for detecting grid impedance changing, whereas
the WB-GIE estimates the grid-impedance by using the
real-time stationary discrete wavelet packet transform (RT-
SDWPT) associated with signal injection scheme. During
a grid impedance changing, the WB-TDS triggers the WB-
GIE for injecting an interharmonic into the power grid to
estimate its current impedance. This method mitigates the
THD generated by the continuous signal injection employed
in the existing techniques. The WB-GIE identifies the phase
grid impedance resistance and reactance accurately in
balanced or unbalanced conditions. Due to its inherent
characteristics, WBM is suitable to be inserted into the
adaptive power flow control of distributed generation sys-
tems. Experimental results obtained from a grid-connected
photovoltaic generation laboratory setup validated the pro-
posed method and demonstrated its effectiveness.

Index Terms—Grid impedance estimation, steady-state
active method, wavelet transform.

I. INTRODUCTION

THE insertion of renewable energy sources as distributed
generations (DG) modified the composition of the power

system following the modern concept of the microgrid. In
this model, the DG sources interconnect the grid via power
converters as active front-end (AFE) that regulate the power
flow in any direction [1], [2], which demanded efforts for
achieving robustness and reliability. Therefore, to maintain
these DGs as secure supplies with suitable power quality
has become more challenging. Besides, AFEs must operate
in both grid-connected and islanded modes, requiring modi-
fications in the power flow control strategy. In general, the
AFE control systems employ droop methods for regulating
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the active and reactive power injection by regulating the
frequency and amplitude of the output voltage [3]. However,
conventional droop approaches depend on the grid parameters
to decouple the control of active and reactive power flows [4].
Therefore, the knowledge of grid impedance can contribute
to suitable control operation decisions, providing inputs for
load flow studies, DGs dispatchability, protection, or detection
of islanding conditions [5]. Thus, the implementation of an
embedded strategy to estimate grid impedance has excellent
utility in the power flow control and operation of the actual
power system [6].

Different methods could be employed to estimate grid
impedance whose implementation can follow passive or ac-
tive approaches [6]. Passive approaches use the information
of noncharacteristic voltage and current harmonics, already
present in the system, to estimate the grid impedance [7].
Therefore, these techniques employ the existing structures
of control and acquisition for implementing grid impedance
estimation algorithms. Regarding this approach, the controlled
excitation of the frequency characteristic of an LCL-based
inverter demonstrated to be an alternative for estimating the
impedance of grid-connected inverters [8]. A recursive least-
square (RLS) technique for analyzing voltages and currents of
the DG interface was another method for obtaining the grid
equivalent impedance [9]. Another possibility is to estimate
the grid impedance by processing voltage, and current phasors
at the point of common coupling (PCC) derived from a
frequency-locked loop based on a second-order generalized
integrator (SOGI-FLL) [4]. Extended Kalman Filter (EKF)
can analyze the PCC voltages and currents to estimate the
power network impedance [10]. Also, it is possible to use
the discretized grid-tied model in a rotating reference frame
to evaluate the grid inductance and resistance [11]. However,
passive approaches present a drawback related to the inherent
low signal-to-noise ratio (SNR), which can compromise the
accuracy of the grid impedance estimation [11].

Active methods that employ a signal injection to estimate
the grid impedance overcome drawbacks of passive techniques
[11]. Their implementation can follow transient or steady-state
techniques [6]. Transient methods employ noncharacteristic
signal injections as voltage disturbance, or current spike to
estimate the grid impedance over a wide frequency range via
a postprocessing procedure [5], [12]–[14]. The drawback of
using the voltage disturbance as signal injection refers to its
dependence on existing harmonic distortion due to the pres-
ence of moderate power electronic loads. Instead, the injection
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of a current spike showed to be more efficient to minimize
these disturbances [12]. This signal analysis generates much
more data than needed and can overload the real-time control
algorithm of power interfaces. An alternative is to use the
steady-state approach based on a periodic interharmonic signal
injection and analyze the system response [6].

Both transient and steady-state active methods usually use
the discrete Fourier transform (DFT) that is dependent on
existing harmonic distortions and susceptible to power elec-
tronic loads. These estimation approaches can be ineffective
during transient events and lead to wrong interpretations due
to spectral leakage and picket-fence effects. The use of con-
tinuous wavelet transformer (CWT), with a complex mother
wavelet, instead of DFT demonstrated to be an alternative
to overcome these limitations [15]. However, the CWT is
not usually embedded in real-time applications due to its
complexity.

The discrete wavelet transform (DWT) versions, such as the
stationary discrete wavelet packet transform (SDWPT), with
real mother wavelet, have been used successfully as an alter-
native to the CWT in several practical applications. However,
DWT versions with real mother wavelet present mathematical
limitations for estimating phase angle [16]. Based on this
statement, the DWT has been claimed to be unsuitable for
impedance estimation [15], and no method based on it was
available in the literature. Nevertheless, [17] demonstrates
recently that a cross-analysis of both voltage and current
system response overcomes the lack of phase information
and makes the SDWPT-based impedance estimation viable for
real-time applications. The method proposed in [17], based
on a steady-state active approach, injects an interharmonic
component continuously into the power system to estimate the
grid impedance, which can result in power quality deviations
in the PCC. Moreover, important issues such as time duration
and magnitude of the signal injection, as well as the best
choice of the mother wavelet, were not assessed in [17].
Besides, [17] presents no mechanism to identify when the grid
impedance needs to be estimated.

Active steady-state methods inject controlled voltage or
current signals (interharmonic, step signals, etc.) into the ref-
erence controlled system, provoking disturbances, and power
quality problems (harmonic distortions) [18]. To overcome this
drawback, a hybrid strategy composed of the integration of
transient approach and a Luenberger observer modified the
estimation algorithm to only provide the signal injection when
grid impedance changes occur [19]. This strategy improves
the THD when compared with the alternative proposed by
[17] by constraining the signal injection to those time intervals
related to the grid changes, but still has the DFT restrictions
related before. Also, the insertion of the estimation method
into the control strategy generates grid-impedance estimates
on the stationary reference frame, which could introduce
errors in unbalanced conditions due to the lack of homopolar
component information [20].

In the same direction, this paper proposes a wavelet-based
monitor (WBM) for grid-impedance estimation, which com-
bines a power system transient detection (WB-TDS) and a
grid impedance estimation (WB-GIE) approaches both using

wavelet-based techniques. The WB-TDS employs the analysis
of the wavelet coefficient energy to detect transit events.
According to [21], the first level wavelet coefficient energy
can be used for the high-speed detection of voltage sag, faults,
nonstationary disturbances, or switching maneuver due to a
fast increase of energy in the disturbance inception time. For
instance, when the network is subject to any disturbance, such
as the grid impedance change, the WB-TDS detects it and
triggers the WB-GIE. Therefore, the WB-GIE injects a non-
characteristic signal (interharmonic component) into the PCC
for a fast and accurate estimation of the power grid impedance
using the SDWPT method. The WBM restricts the signal
injection to a small-time interval, and low-level interharmonic
required for an accurate grid impedance estimation without
inducing power quality problems into the grid.

Furthermore, the WB-GIE estimates the grid impedance
resistance and reactance of each PCC phase and correlates it
with the previous results for showing the dynamic evolution.
The WB-GIE employs a compact mother wavelet for avoiding
a long-duration signal injection. Due to their inherent charac-
teristics, the WBM demonstrates to be suitable for integrating
power flow adaptive control strategies applied for DG sys-
tems. Experimental results obtained from a photovoltaic (PV)
distributed generation laboratory setup validated the proposed
method and demonstrated its effectiveness and feasibility.

II. SYSTEM MODELING AND CONTROL

Fig. 1 shows the laboratory setup of the DG system im-
plemented by a grid-tied PV system based on dual-stage
conversion topology. It comprises a three-phase PV system
with a rated power of 8 kWp interconnected to a power
grid implemented by a 15 kVA three-phase indoor substation.
The dc-dc boost converter regulates the dc-link voltage and
implements the MPPT by changing its duty-cycle. AnLCL
filter interconnects the PV voltage source inverter (VSI) to
the PCC. Controlled switchesK5, K6 andK7 interconnect
three-phase linear or nonlinear loads to the PCC for emulating
different operational scenarios. The controlled switchesK1 -
K4, together with the external componentsrtest and ltest,
allow for the modification of the nominal grid impedance (rg
andlg). This structure permits the emulation of weak-grid with
differentR/X rates or unbalanced conditions.

The value of the short-circuit ratio (SCR) defines the grid
strength. Considering the system in Fig. 1, where the value
of short-circuit power isSSC = 50.3 kVA and the nominal
power of the distributed generation isSn = 8 kWp, the SCR
is computed as follows [22]:

SCR =
SSC
Sn

=
50300

8000
≈ 6.3, (1)

in which SCR < 10 addressing to a weak-grid condition
according to [23]. The PV-based DG system employs the
most commonly multiloop control strategy applied for grid-
tied LCL converter, also presented in Fig. 1. The inner
control loop regulates output phase currents, and the outer
control loop sets the dc-link voltage. The controllerRv(s)
regulates the DC-link voltage based on the system energy
balance, by determining the amplitude of the PV system output
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Grid
lg rg

Fig. 1. Block diagram of the 8 kWp PV three-phase laboratory setup.

vector current|id| imposed by the controllersRi(s). They
are implemented on the stationary reference frame with their
bandwidths adjusted for allowing the required interharmonic
injection. Both blocks WB-TDS and WB-GIE implement
the proposed grid-impedance estimation scheme (WBM). The
integration of WB-GIE to the DG control system results in
modified reference currents composed by interharmonic injec-
tion added to standard track currents (i.e,is∗

′

dq = is∗dq + is∗idq),
in which the superscripts represents the stationary reference
frame. The WB-GIE injects the interharmonic in the stationary
reference frame, but both WB-TDS and WB-GIE use three-
phase voltages and currents, which permit the grid changing
detection and the grid impedance estimation in each PCC
phase. Therefore, the WBM provides accurate estimation re-
sults, even though the power system operates under unbalanced
conditions.

III. BASIS OF THE PROPOSED WBM ESTIMATOR

The proposed WBM employs the real-time SDWPT (RT-
SDWPT) to implement the network transient detection and
grid impedance estimation strategies.

A. The Real-Time Wavelet Packet Coefficients

The RT-SDWPT decomposition packet coefficients at level
j are computed as follows [24]:

s2zj (k) =
1√
2

L−1∑

l=0

hϕ(l)s
z
j−1(k + l − L+ 1), (2)

s2z+1
j (k) =

1√
2

L−1∑

l=0

hψ(l)s
z
j−1(k + l− L+ 1), (3)

where0 ≤ z ≤ 2j−1−1 is the node number;szj is the wavelet
packet coefficients associated to the nodez at scalej; s00 = x
represents the original signal;L is the length of the wavelet
filter; k is the current sampling associated to the timek/fs,
wherefs is the sampling rate;hϕ andhψ are low- and high-
pass finite impulse response (FIR) quadrature mirror filters.

Based on [25], the spectral energy (E) of a signalx in terms
of the SDWPT, at any scalej, is given by:

E(k) =
k∑

n=k−∆k+1

|x(n)|2 = E0
j,x(k) +

2
j−1∑

z=1

Ezj,x(k), (4)

where

E0
j,x(k) =

1

2∆k

k∑

n=k−∆k+1

L−1∑

l=0

[
s0j ,x (k − l)

]2
, (5)

Ezj,x(k) =
1

2∆k

k∑

n=k−∆k+1

2
j−1∑

z=1

L−1∑

l=0

[
szj ,x (k − l)

]2
, (6)

where k ≥ ∆k-1, E0
j,x is the energy of wavelet packet

coefficients of the lowest frequency band at node zero and level
j, whereasEzj,x(k) is the energy of wavelet packet coefficients
at nodez 6= 0; ∆k is the number of samples per cycle of the
power system frequency (f = 50 or 60 Hz).

B. Estimation of Power Components with RT-SDWPT

The RT-SDWPT can estimate the main power components
according to the IEEE Standard 1459-2010 [26], useful for
accomplishing the accurate grid impedance estimation.

1) The RMS Values:The discrete time-domain signalx(k)
can be described in terms of the RF-SDWPT coefficients as
follows (szj ,x) [24]:

x(k) =
1√
2

L−1∑

l=0

hϕ(l)s
0
j ,x (k−l)+

1√
2

2
j−1∑

z=1

L−1∑

l=0

hz(l)szj ,x (k−l).

(7)
The filter h is defined as follows:

h2z = hϕ and h2z+1 = hψ. (8)

The signalx(k) can also be termed in function of the
wavelet packet coefficient energy as follows [24]:

[x(k)]2 =
1

2



L−1∑

l=0

(E0
j ,x (k − l))2 +

2
j−1∑

z=1

L−1∑

l=0

(Ezj ,x (k − l))2


 .

(9)

Therefore, the wavelet-based RMS value is given by [24]:

Xw(k) =

√√√√ 1

2∆k

k∑

n=k−∆k+1

[
2j−1∑

z=0

(Xz
j (n))

2

]
, (10)

whereXw = Vw for voltage orXw = Iw for current, and

Xz
j (n) =

√√√√
L−1∑

l=0

(Ezj ,x (n− l))2. (11)

is the wavelet-based RMS value at nodez.
From (10) in (11), the wavelet-based RMS voltage is given

by:

Vw(k) =

√√√√ 1

2∆k

k∑

n=k−∆k+1

[
2j−1∑

z=0

L−1∑

l=0

(Ezj ,v (n− l))2

]
.

(12)
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Similarly, the wavelet-based RMS current is given:

Iw(k) =

√√√√ 1

2∆k

k∑

n=k−∆k+1

[
2j−1∑

z=0

L−1∑

l=0

(Ezj ,i (n− l))2

]
. (13)

2) Power Components:The active power can also be de-
scribed in terms of the RT-SDWPT coefficients as follows:

Pw(k) =
1

∆k

k∑

n=k−∆k+1

v(k)i(k), (14)

wherev(k)i(k) in wavelet terms is given by [24]:

v(k)i(k) =
1

2

L−1∑

l=0

s0j ,v (k − l)s0j ,i (k − l)

+
1

2

2
j−1∑

z=1

L−1∑

l=0

szj ,v (k − l)szj ,i (k − l). (15)

Therefore, substituting (15) in (14) yields [24]:

Pw(k) =
1

2∆k

k∑

n=k−∆k+1

[
L−1∑

l=0

E0
j ,v (n− l)E0

j ,i (n− l)

+

2
j−1∑

z=1

L−1∑

l=0

Ezj ,v (n− l)Ezj ,i (n− l)


 , (16)

wherePw(k) represents the total active power of the frequency
band associated to the nodez and levelj. (16) is in accordance
with the Parseval’s theorem.

From (10), the wavelet-based apparent power is given by

Sw(k) = Vw(k)Iw(k). (17)

Based on the classical power theory, the wavelet-based
power factor is given by:

PFw(k) =
Pw(k)

Sw(k)
. (18)

IV. THE PROPOSED GRID CHANGING DETECTION -
WB-TDS

The implementation of the proposed WB-TDS employs
the analysis of the wavelet coefficient energy for detecting
transient network events based on [21]. According to this
method, the wavelet coefficients of power system voltages and
currents, at the first decomposition level, present a Gaussian
probability distribution function with zero mean (µw ≈ 0)
and a standard deviation (σw), termed asN (0, σ2

w), with
harmonics disregarded in this related wavelet sub-band. In this
fashion, the wavelet coefficient energy in the steady-state is
only affected by high-frequency noises and can be employed
to detect disturbances through established thresholds, which
follows the chi-square probability distribution [27]. Therefore,
the occurrence of any grid disturbance (e.g., faults, voltage sag,
nonstationary disturbances, switching maneuver, etc.) produce
an increase of the wavelet coefficient energy providing a
high-speed detection of the grid-impedance changing, which
follows a simple criterion:

E1
1,{v,i}(k − 1) < E and E1

1,{v,i}(k) > E, (19)

whereE1
1,{v,i} represents the energy of wavelet coefficients of

the node one in the first level, at the frequency band [480, 960]
Hz (s11) andE is an energy threshold stochastically defined in
[27] as two times of the steady-state average energy level and,
hence, when (19) is verified, the proposed WB-TDS triggers
the WB-GIE for injecting a synthesized interharmonic into the
power grid for estimating its impedance.

V. THE PROPOSED GRID IMPEDANCE ESTIMATOR -
WB-GIE

The proposed WB-GIE method estimates the grid
impedance by injecting a temporary interharmonic (ifint) to
the PV control system reference currents. The use of this
noncharacteristic signal injection relies on the fact that under
standard operational such frequency component does not exist
in the system. Moreover, the chosen interharmonic must have
a frequency higher than the fundamental, with low magnitude
and short duration to avoid interference in the power grid
performance. The suggested frequency is addressed in this
Section, whereas its magnitude and duration will be discussed
in Section VI.

A. Sampling Rate and the Decomposition Level

According to the Nyquist criterion, a discrete signal with the
sampling rate offs has frequency band components limited
from 0 tofs/2. From the multiresolution analysis, it is possible
to decompose an input signal in various frequency sub-bands
with different resolution levels. The SDWPT employs the
multiresolution analysis, obtained through the inner product of
an input signal with a quadrature mirror filter pair (low- and
high-pass filters). The extraction of the synthetic interharmonic
component depends on both the sampling rate and wavelet de-
composition level. Firstly, the fundamental and the harmonics
must be located on the cutoff frequencies of the wavelet filters,
which means thatfs must be multiple integers of 8f . Besides
that, the synthetic interharmonic must be centered in one of
the wavelet sub-bands to ensure superior performance in its
component extraction.

For instance, employing a sampling frequency offs = 1920
Hz with a fundamental frequency off = 60 Hz (32 samples per
cycle), it is necessary four decomposition levels (j = 4). There-
fore, the frequency spectrum is divided into sixteen bands with
a regular 60-Hz interval, with the fundamental and harmonic
components located on cutoff frequencies of these bands. For
improving the grid impedance estimation and avoiding the
side-effects due to the fundamental and low-order harmonics
of the power grid, it is essential to choose the interharmonic
frequency far from them. One possible solution is to select the
interharmonic frequency offint = 630 Hz. Fig. 2 presents the
decomposition tree to extract the interharmonic component of
this example, with the synthesized interharmonic centralized
at the band [600 - 660] Hz in the fourth decomposition level.
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Fig. 2. Wavelet-packet decomposition for a sampling frequency of 1920
Hz: (a) four-level decomposition tree; (b) ideal frequency response.

B. Estimating the Grid Impedance of the Power Grid

Based on (10), the RMS interharmonic voltage and current
are computed as follows:

Vfint
(k) =

√√√√ 1

2∆k

k∑

n=k−∆k+1

[
L−1∑

l=0

(Efint

j,v (n− l))2

]
, (20)

Ifint
(k) =

√√√√ 1

2∆k

k∑

n=k−∆k+1

[
L−1∑

l=0

(Efint

j,i (n− l))2

]
, (21)

whereEfint

j,v andEfint

j,i are wavelet coefficient energies of the
voltage and current, respectively, at nodez and scalej which
include the interharmonic frequencyfint in the band center.

It is well-known that the SDWPT with a real mother wavelet
cannot provide the phase information of a single signal, such
as a voltage or a current directly. However, the phase angle
difference between the current and voltage can be properly
computed using power concepts as follows [17]:

Pfint
(k) =

1

2∆k

k∑

n=k−∆k+1

[
L−1∑

l=0

Efint

j,v (n− l)Efint

j,i (n− l)

]
,

(22)

PFfint
(k) =

Pfint
(k)

Sfint
(k)

=
Pfint

(k)

Vfint
(k)Ifint

(k)
, (23)

θfint
(k) = cos−1(PFfint

(k)) = cos−1

[
Pfint

(k)

Vfint
(k)Ifint

(k)

]
,

(24)

whereθfint
is the phase difference between the voltage and

current, which is associated with the phase angle impedance
of the interharmonic.

The interharmonic impedance (Ẑfint
(k)) can be properly

computed by using the RT-SDWPT approach as follows [17]:

Ẑfint
(k) =

Vfint
(k)

Ifint
(k)

∠ θfint
, (25)

where the real part of̂Zfint
(k) refers to the resistance of the

grid impedance as follows [17]:

Rwg (k) = Re{Ẑfint
(k)} = Zfint

(k)cos(θfint
(k)), (26)

whereas the reactance related to the interharmonic frequency
corresponds to the imaginary part ofẐfint(k) given by [17]:

Xw
fint

(k) = Im{Ẑfint
(k)} = Zfint

(k)sin(θfint
(k)), (27)

The grid reactance is given by [17]:

Xw
g (k) = Xw

fint
(k)

ω1

ωfint

, (28)

whereωint andω1 are frequencies of the interharmonic and
fundamental components, respectively.

VI. PERFORMANCE ASSESSMENT

The proposed WBM method employs the experimental
platform depicted in Fig. 1 for validating its performance. A
dSPACE platform executes both the control and estimation
algorithms. Take into account the selected interharmonic has
the frequency offint = 630 Hz, the current regulators
employed in the PV-based DG were redesigned for providing
a closed-loop bandwidth ofωRi ∼= 1320π rad/s to guarantee
the effective signal injection. The commissioning experimental
tests fulfill the WBM desired performance by setting up the
mother wavelet length, the interharmonic magnitude, and the
signal injection duration.

Several measurements realized at different times along the
day results in an expected grid impedance ofZg ≈ 0.53+j0.15
(i.e., Rg ≈ 0.53 Ω and Xg ≈ 0.15 Ω), with a deviation of
±10%. Based on these measurements, this work adopted the
grid impedance ofZg ≈ 0.53 + j0.155 as a reference value
employed to validate the estimation methods that will be tested
in the following experiments.

A. Definition of the Mother Wavelet Length

The WB-GIE implementation can use long or compact
mother wavelets. For evaluating those effects, the WB-GIE
performs the grid impedance estimation with several mother
wavelets. Table I summarizes the used mother wavelets and
the average values of the estimated grid impedance.

In [6], a DFT-based method for estimating grid impedance
considers the injection of an interharmonic with a frequency
of 90 Hz, which is close to the fundamental component.
This method injects the interharmonic signal continuously.
For the sake of comparison with the proposed method, this
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existing method was adapted to estimate the grid impedance
considering the interharmonic frequency of 630 Hz instead
of 90 Hz. Table I demonstrates the performance of both
estimation approaches.

According to Table I, both long and compact mother
wavelets provided similar performance and agreed with the
expected values. However, long mother wavelets present the
highest computational burden and highest time delay, leading
to drawbacks on real-time applications because it requires
long-duration interharmonic injection. Therefore, the mother
wavelet db(4) is the most suitable. The WB-GIE provided
similar performance to the DFT-based method. However, its
use in the proposed WBM produces superior results because
the injection of the interharmonic occurs only when the WB-
TDS detects a grid impedance changing.

TABLE I
GRID IMPEDANCE ESTIMATION OBTAINED WITH RT-SDWPT-BASED

METHOD WITH DIFFERENT MOTHER WAVELETS .

Mother wavelet
Description db(4) db(6) db(14) db(30) DFT

Resistance [Ω] 0.53 0.53 0.53 0.53 0.53
Reactance [Ω] 0.15 0.15 0.15 0.15 0.15
Impedance [Ω] 0.55 0.55 0.55 0.55 0.55

B. Magnitude of the Interharmonic

The accuracy of the grid impedance estimation depends on
both the magnitude and the repetition rate of the interharmonic
injection. Small amplitudes can deteriorate the impedance esti-
mation due to the SNR, whereas high amplitudes can increase
the total harmonic distortion of output currents (THDi). To
achieve a suitable magnitude level, the WB-GIE performed
the grid impedance estimation with different interharmonic
amplitudes and compared them with the DFT-based method
described before. Table II summarizes the average values
of the impedance estimation obtained with both methods by
using different interharmonic amplitudes, and associated with:
apparent power, shortcircuit power, system SNR, and the
THDi deviation.

The experimental results presented satisfactory and accurate
impedance estimation with low- and high-magnitude of the
injected interharmonic while demonstrated that their ampli-
tudes did not influence the estimation. However, the use of
interharmonic with higher amplitude could result in significant
THDi deviations (see Table II). Therefore, the criterion for the
selection of the interharmonic amplitude should consider the
THD impact on the grid. Furthermore, the small deviations of
impedance values verified in Table II for the same interhar-
monic magnitude are due to the variation of the penetration
level that occurred during the tests.

C. Duration of the Interharmonic Injection

Another critical issue for the implementation of the WB-
GIE is the signal injection duration. Continuous signal in-
jection increases the THD, causing possible power quality

problems. An alternative is to provide the signal injection
for a short period, triggered by the proposed WB-TDS. The
advantage of this method is the mitigation of the harmonic
distortion. This paper adopted a duration time of the signal
injection of 100 ms (six cycles of the fundamental) to avoid
undesired power quality issues. Therefore, WB-GIE estimates
the grid impedance during this time interval after the detection
of a possible grid impedance variation. At the end of this
interval, the WB-GIE provides the average value of the grid
impedance estimation on the last two cycles.

D. Experimental Results

The performance evaluation and effectiveness of the pro-
posed WBM grid impedance estimator employ four experi-
mental tests in the following operational scenarios: (i) balanced
grid impedance variation, (ii) interconnection of three-phase
nonlinear load, (iii) unbalanced grid impedance, and (iv) inter-
connection of a three-phase capacitive load. In all experimental
tests, controlled switchesK1−K4 provide the interconnection
of external componentsrtest = 0.5 Ω and ltest = 0.5 mH
(inserted simultaneously or individually) in series with the
power grid, modifying its nameplate impedance. Table III
presents the setup parameters obtained from the commission-
ing tests. The WB-GIE employs four decomposition levels
with a synthetic interharmonic. The decomposition process
is only accomplished on the bottom levels of the tree, as
highlighted in Fig. 2.

1) Balanced Grid Impedance Variation:Fig. 3 depicts the
phase current waveform on the PCC and the grid impedance
estimation obtained through the proposed WBM. At the be-
ginning of the experiment, the startup algorithm triggers the
WB-GIE for injecting the interharmonic and estimates the
power grid impedance, which resulted inRwg ≈ 0.53 Ω,
Xw
g ≈ 0.15 Ω andZwg ≈ 0.57 Ω, as presented in Figs. 3(b)-

(d), which follows the expected values ofZg ≈ 0.53 + j0.15
Ω, with ±10% of deviation. Att ≈ 1.65s, switchesK1−K4
interconnect the external components (rtest andltest) in series
with the grid, causing a transient in the currents, as shown in
Fig. 3(a) and (e). The WB-TDS detected the grid impedance
variation through a fast increase of the first-level wavelet co-
efficient energy, as shown in Fig. 3(e), which triggers the WB-
GIE (flag signal in Fig. 3(a)) for injecting an interharmonic
and providing the grid impedance estimationRwg ≈ 1.20 Ω,
Xw
g ≈ 0.37 Ω and Zwg ≈ 1.22 Ω (Figs. 3(b)-(d)), which

corresponds to the expected impedance (i.e.,Zg ≈ 0.53+j0.15
Ω in series withZtest ≈ 0.5 + j0.188 Ω). In this test, the
estimated grid reactance presented a deviation of less than 10%
of the predicted value, inside the impedance range imposed
by the PV penetration variation. Att ≈ 2.90 s, the switches
K1−K4 removed the external components, provoking another
disturbance, also detected by WB-TDS that triggered the WB-
GIE to re-estimate the grid impedance. The interharmonic
employed in this test was 2.12A.

2) Interconnection of Nonlinear Load:The interconnection
of nonlinear loads at the PCC can result in incorrect impedance
estimations [13]. To evaluate the effectiveness of the proposed
method, under these operational conditions, switchesK5 and
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TABLE II
GRID IMPEDANCE ESTIMATION WITH DIFFERENT MAGNITUDE OF THE INTERHARMONIC.

Magnitude Apparent THDi THDi Grid impedance [Ω]
of the interharmonic power [kVA] SSC [kVA] SNR (χ) (X) Rw RDFT Xw XDFT

0.71A 5.40 50.3 35.52 dB 3.34% 7.40% 0.58 0.60 0.17 0.16
0.71A 6.20 50.3 35.42 dB 3.37% 6.77% 0.58 0.61 0.17 0.15
1.41A 5.83 50.3 35.50 dB 3.33% 12.20% 0.57 0.58 0.16 0.16
1.41A 6.49 50.3 35.37 dB 3.35% 11.35% 0.59 0.59 0.16 0.15
2.12A 5.94 50.3 35.47 dB 3.42% 16.62% 0.54 0.54 0.15 0.15
2.12A 6.23 50.3 35.47 dB 3.34% 16.00% 0.57 0.57 0.15 0.15

χ: Before interharmonic injection.
X: During interharmonic injection.

TABLE III
PARAMETERS USED FOR THE GRID IMPEDANCE ESTIMATION

Frequency of the Interharmonic 630 Hz
Magnitude of the interharmonic 0.71-2.12 A

6 cycles of the
Duration of the signal injection fundamental frequency

Window size ∆k = 64 samples
Sampling rate 1920 Hz

K6 (Fig.1) interconnected linear and nonlinear loads simul-
taneously. Fig. 4 depicts the grid impedance estimation of
this experiment. Initially, the estimated impedance has the
same values as the test before. Att ≈ 0.4 s, controlled
switchesK5 and K6 interconnect the linear and nonlinear
loads at PCC provoking a transient. The WB-TDS detects
this disturbance and triggers the WB-GIE for injecting the
interharmonic for estimating the grid impedance. The obtained
results demonstrated a slight variation in the grid impedance
estimates, as expected.

At t ≈ 1.0ss, the switchesK1−K4 interconnectedrtest in
series to the PCC, producing a disturbance, which was detected
by the WB-TDS that triggered the WB-GIE for performing the
grid impedance estimation. The estimated results areRwg ≈
1.10 Ω, Xw

g ≈ 0.16 Ω and Zwg ≈ 1.10 Ω, demonstrating
that only the equivalent resistance modified, as expected (the
initial value isRwg ≈ 0.53). At t ≈ 1.8 s, controlled switches
K1 − K4 removedrtest, and WBM re-estimated the PCC
grid impedance, resulting in the same values of the beginning
of the experiment. This test demonstrated that the proposed
method produced accurate results even under the presence of
nonlinear loads interconnected to the PCC.

3) Unbalanced Grid Impedance:The knowledge of the
grid-impedance under the unbalanced condition is essential
for determining the stability limits of power system operation,
especially in low voltage network systems. Fig. 5 shows the
experimental results of the grid impedance estimation when
the power grid is unbalanced. Initially, the estimated grid
impedance has the same values of the tests realized before.
At t ≈ 1.0 s, the controlled switchesK1 −K4 interconnect
rtest and ltest in series with the phases A and B of the
PCC to emulate a grid impedance asymmetry. The WB-TDS

detected the transient event in both PCC phases and triggered
the WB-GIE for estimating the grid impedances of both PCC
phases, which resulted inRwga ≈ 1.25 Ω, Xw

ga ≈ 0.37 Ω, and
Zwga ≈ 1.35 Ω for phaseA, andRwgb ≈ 1.10 Ω, Xw

gb ≈ 0.36
Ω, and Zwga ≈ 1.17 Ω for phaseB. The impedance values
of phase C remained the same. Att ≈ 2.4 s, switches
K1−K4 removed the external components, and the estimated
impedance provided by WBM corresponded to the startup
values. Power grid employed in the experimental setup has
a slight asymmetry, accentuated by the interconnection of the
external components. This experiment showed that WBM is
also effective in unbalanced PCCs.

4) Interconnection of the Capacitive Load:Fig. 6 depicts
the grid impedance estimation of the PCC interconnected to
a capacitive bank (provided by the switchK7 in Fig. 1). At
the beginning of the experiment, the estimated grid impedance
has the same values as the last tests. Att ≈ 0.4 s, switches
K1−K4 inserted external components in series with the PCC,
causing a transient event, detected by the WB-TDS, which
triggered the WB-GIE for estimating the grid impedance.
The results obtained areRwg ≈ 1.10 Ω, Xw

g ≈ 0.38 Ω and
Zwg ≈ 1.20 Ω. At t ≈ 1.4 s, the switchK7 interconnected
the three-phase capacitive load (cl = 150 µF or Xc= -17.38
Ω) in parallel to the PCC, provoking a disturbance. Therefore,
the WBM re-estimated the grid impedance asRwg ≈ 1.00 Ω,
Xw
g ≈ 0.34 Ω, andZwg ≈ 1.12 Ω, which corresponds to the

expected impedance of the equivalent circuit. Theoretically,
the parallel association of the impedanceZ ≈ 1.10+ j0.38 Ω,
the capacitive load ofXc = −j17.38, results in an equivalent
impedance ofZ ≈ 1.14 + j0.32 Ω. The WBM estimated
the equivalent grid resistance and reactance with acceptable
error margins of 12.28% and 6.25%, respectively. This test
also demonstrated the effectiveness of the WBM for grid
impedance estimation in the PCC interconnected to capacitor
banks.

Table IV summaries experimental results related to all
operational scenarios.

E. Computational Burden

The computational burden (i.e., the number of multipli-
cations, additions, and other floating-point operations) must
be less than the sampling time (1/fs). The proposed grid
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Fig. 3. Real-time grid impedance estimation: (a) time-domain current
waveform (blue line) and transient detection flag (red line); (b) grid
resistance; (c) grid reactance; (d) grid impedance and; (e) wavelet
coefficient energy.

impedance estimation and DFT-based method were imple-
mented, on the dSPACE 1103 PPC board, with a sampling rate
of 1920 Hz to evaluate their computational burden. Table V
summarizes both computational load inµs, per sampling. The
proposed WBM, implemented through db(4) mother wavelet,
presented a computational burden of 2.07µs, while the use of
db(30) resulted in 4.32µs. The grid impedance implemented
via DFT method required 3.87µs for providing only the grid
impedance estimate. The recursive DFT-based method could
also be implemented by using stored values of cosine and
sine values in a buffer to minimize the computational burden,
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Fig. 4. Real-time grid impedance estimation with the interconnection
of nonlinear load: (a) grid resistance; (b) grid reactance and; (c) grid
impedance.

TABLE IV
SUMMARY OF THE EXPERIMENTAL RESULTS.

Step in grid impedance Grid impedance
Scenarios Phase

R (Ω) XL (Ω) XC (Ω) Rw
g (Ω) Xw

g (Ω)
- ↑0.50 ↑0.188 - 1.20 0.37

I - ↓0.50 ↓0.188 - 0.53 0.15
- ↑0.50 - - 1.10 0.16

II - ↓0.50 - - 0.53 0.16

III

↑0.50 ↑0.188 - 1.25 0.37
A

↓0.50 ↓0.188 - 0.53 0.15
↑0.50 ↑0.188 - 1.10 0.36

B
↓0.50 ↓0.188 - 0.53 0.15

- - - 0.52 0.16
C - - - 0.52 0.16
- ↑0.50 ↑0.188 - 1.10 0.38

IV - ↑0.50 ↑0.188 ↑17.38 1.00 0.34

resulting in the execution time of 2.13µs. Nevertheless, the
proposed WBM implemented through db(4) presented the
lowest computational burden.

TABLE V
COMPUTATIONAL BURDEN.

DFT db(4) db(30)
3.87µs 2.07µs 4.32µs

Impedance estimation 2.13* µs - -

*Recursive DFT.
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VII. CONCLUSION

This paper introduced a WBM for estimating the power
grid-impedance, consisted of a WB-TDS and a WB-GIE,
both implemented with RT-DWPT. When a grid changing
occurs, the WB-TDS triggers the WB-GIE for injecting an
interharmonic into the power grid to estimate the power grid
impedance. This approach mitigates THD generated by the
continuous signal injection employed in existing estimation
techniques. This paper also presented the theoretical wavelet
basis for implementing the WB-GIE, and the required adjusts
for achieving accurate results. It also suggested a set of
commissioning tests for determining the length of the mother
wavelet, the interharmonic magnitude, and its duration. The
experimental essays demonstrated that the proposed WBM
provided an accurate grid impedance estimation of PCCs
interconnected with standard loads, nonlinear loads, and ca-
pacitive banks. Besides, it is also effective under unbalanced
operational conditions. Compared with existing methods, the
proposed WBM provided reliable and fast grid transient detec-
tion and accurate grid impedance estimation. For its inherent
characteristics, the proposed WBM should be further used in
adaptive power flow control in distributed generation in low-
voltage power systems.
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