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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.

|. INTRODUCTION

T

system following the modern concept of the microgrid.

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

Ithe grid impedance by processing voltage, and current phasors

this model, the D_G sources interconnect the grid via POWET he point of common coupling (PCC) derived from a
convgrters as_acn\_/e front-end (AFE) that regulate the pOWI’%quency-locked loop based on a second-order generalized
flow in any direction [1], [2], which demanded efforts forintegrator (SOGI-FLL) [4]. Extended Kalman Filter (EKF)

achieving robustness and reliability. Therefore, to maintaj
these DGs as secure supplies with suitable power qua
has become more challenging. Besides, AFEs must ope
in both grid-connected and islanded modes, requiring mo
fications in the power flow control strategy. In general, th

AFE control systems employ droop methods for regulati
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thin analyze the PCC voltages and currents to estimate the

I dwer network impedance [10]. Also, it is possible to use

3

tg discretized grid-tied model in a rotating reference frame
§ evaluate the grid inductance and resistance [11]. However,
assive approaches present a drawback related to the inherent
8w 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 minimizesavelet-based techniques. The WB-TDS employs the analysis
these disturbances [12]. This signal analysis generates moththe wavelet coefficient energy to detect transit events.
more data than needed and can overload the real-time confotording to [21], the first level wavelet coefficient energy
algorithm of power interfaces. An alternative is to use thean be used for the high-speed detection of voltage sag, faults,
steady-state approach based on a periodic interharmonic sigmaistationary disturbances, or switching maneuver due to a
injection and analyze the system response [6]. fast increase of energy in the disturbance inception time. For
Both transient and steady-state active methods usually usstance, when the network is subject to any disturbance, such
the discrete Fourier transform (DFT) that is dependent @s the grid impedance change, the WB-TDS detects it and
existing harmonic distortions and susceptible to power eleriggers the WB-GIE. Therefore, the WB-GIE injects a non-
tronic loads. These estimation approaches can be ineffectbiracteristic signal (interharmonic component) into the PCC
during transient events and lead to wrong interpretations dige a fast and accurate estimation of the power grid impedance
to spectral leakage and picket-fence effects. The use of coasing the SDWPT method. The WBM restricts the signal
tinuous wavelet transformer (CWT), with a complex mothéanjection to a small-time interval, and low-level interharmonic
wavelet, instead of DFT demonstrated to be an alternatikequired for an accurate grid impedance estimation without
to overcome these limitations [15]. However, the CWT isducing power quality problems into the grid.
not usually embedded in real-time applications due to its Furthermore, the WB-GIE estimates the grid impedance
complexity. resistance and reactance of each PCC phase and correlates it
The discrete wavelet transform (DWT) versions, such as thdth the previous results for showing the dynamic evolution.
stationary discrete wavelet packet transform (SDWPT), witthe WB-GIE employs a compact mother wavelet for avoiding
real mother wavelet, have been used successfully as an aléeleng-duration signal injection. Due to their inherent charac-
native to the CWT in several practical applications. Howevegristics, the WBM demonstrates to be suitable for integrating
DWT versions with real mother wavelet present mathematigabwer flow adaptive control strategies applied for DG sys-
limitations for estimating phase angle [16]. Based on thiems. Experimental results obtained from a photovoltaic (PV)
statement, the DWT has been claimed to be unsuitable ftistributed generation laboratory setup validated the proposed
impedance estimation [15], and no method based on it waethod and demonstrated its effectiveness and feasibility.
available in the literature. Nevertheless, [17] demonstrates
recently that a cross-analysis of both voltage and current [I. SYSTEM MODELING AND CONTROL

system response overcomes the lack of phase informatior,tig_ 1 shows the laboratory setup of the DG system im-
and makes the SDWPT-based impedance estimation Viable;_tj%mented by a grid-tied PV system based on dual-stage

real-time applications. The method proposed in [17], basg@pyersion topology. It comprises a three-phase PV system
on a steady-state active approach, injects an interharmogigy 5 rated power of 8 kWp interconnected to a power
component continuously into the power system to estimate &4 implemented by a 15 kVA three-phase indoor substation.
grid impedance, which can result in power quality deviationfe gc-dc boost converter regulates the dc-link voltage and
in the PCC. Moreover, important issues such as time duratif?ﬁ‘plements the MPPT by changing its duty-cycle. AG'L
and magnitude of the signal injection, as well as the begter interconnects the PV voltage source inverter (VSI) to
choice of the mother wavelet, were not assessed in [1fle pcc. Controlled switche&'5, K6 and K7 interconnect
Besides, [17] presents no mechanism to identify when the gjfee-phase linear or nonlinear loads to the PCC for emulating
|mpeQance needs to be estlmate.d.. different operational scenarios. The controlled switchels-
Active steady-state methods inject controlled voltage g, together with the external components,; and /.
current signals (interharmonic, step signals, etc.) into the refjqw for the modification of the nominal grid impedanag (

erence controlled system, provoking disturbances, and pow@y; y This structure permits the emulation of weak-grid with
quality problems (harmonic distortions) [18]. To overcomethlaiﬁe'remR/X rates or unbalanced conditions.

drawback, a hybrid strategy composed of the integration ofrpg \aiue of the short-circuit ratio (SCR) defines the grid
transient approach and a Luenberger observer modified E?Pength. Considering the system in Fig. 1, where the value
estimation algorithm to only provide the signal injection whegt snort-circuit power isSsc = 50.3 kVA and the nominal

grid impedance changes occur [19]. This strategy improvséwer of the distributed generation &, = 8 kWp, the SCR
the THD when compared with the alternative proposed by computed as follows [22]:

[17] by constraining the signal injection to those time intervals
related to the grid changes, but still has the DFT restrictions SCR = oo
related before. Also, the insertion of the estimation method Sn 8000
into the control strategy generates grid-impedance estimateswhich SCR < 10 addressing to a weak-grid condition
on the stationary reference frame, which could introdu@ecording to [23]. The PV-based DG system employs the
errors in unbalanced conditions due to the lack of homopolawost commonly multiloop control strategy applied for grid-
component information [20]. tied LCL converter, also presented in Fig. 1. The inner
In the same direction, this paper proposes a wavelet-basedtrol loop regulates output phase currents, and the outer
monitor (WBM) for grid-impedance estimation, which comeontrol loop sets the dc-link voltage. The controllBr,(s)
bines a power system transient detection (WB-TDS) andregulates the DC-link voltage based on the system energy
grid impedance estimation (WB-GIE) approaches both usibglance, by determining the amplitude of the PV system output

Ssc _ 50300 ~ 6.3, (1)
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K4 Based on [25], the spectral enerd) Of a signalx in terms
e B2 - of the SDWPT, at any scalg is given by:
rv & | 5 Grid k 271
-t i kY= D |rm)P =&,k + > & (R), ()
n=k—Ak+1 z=1
K5 - Linear load where
o] R 2
o by (k) = AT > 9. (k=D]", (5
K6 n=k—Ak+1 =0

o

Nonlinear load

-+
" e —~ 2
s K7 z
+v lig . 5 k - 6
Rar o U =95k kZAk+1§;Z o0, ©
0y Tl_s Capacitive load a
i » i where & > Ak-1, 60 is the energy of wavelet packet
i . be
;;;J,e,c@j{ﬁ‘? 1Dy zk,,l,‘?‘,’,c,df‘,‘f?] coefficients of the lowest frequency band at node zero and level
_ _ J» whereast? (k) is the energy of wavelet packet coefficients
Fig. 1. Block diagram of the 8 kWp PV three-phase laboratory setup. at nodez # O; AFL is the number of samples per Cycle of the

power system frequencyf (= 50 or 60 Hz).

vector current|iy| imposed by the controller®;(s). They

are implemented on the stationary reference frame with th&r Estimation of Power Components with RT-SDWPT
bandwidths adjusted for allowing the required interharmonic The RT-SDWPT can estimate the main power components
injection. Both blocks WB-TDS and WB-GIE implementaccording to the IEEE Standard 1459-2010 [26], useful for
the proposed grid-impedance estimation scheme (WBM). Thecomplishing the accurate grid impedance estimation.
integration of WB-GIE to the DG control system results in 1) The RMS ValuesThe discrete time-domain signalk)
modified reference currents composed by interharmonic injezan be described in terms of the RF-SDWPT coefficients as
tion added to standard track currents (iz;g,' = iy +1i55,), follows (s7.;) [24]:

in which the superscript represents the stationary reference o _1L_1

frame. The WB-GIE injects the interharmonic in the sta‘uonar 2

he « (B=D)+— h2(1)s7,. (k=1
reference frame, but both WB-TDS and WB-GIE use three \/_ Z 3’ H ; ; 5 )
phase voltages and currents, which permit the grid changmg @)
detection and the grid impedance estimation in each PCCThe filter h is defined as follows:
phase. Therefore, the WBM provides accurate estimation re- B2e — h, and R+ =y, (8)

sults, even though the power system operates under unbalanced
conditions. The signalz(k) can also be termed in function of the
wavelet packet coefficient energy as follows [24]:
[1l. BASIS OF THE PROPOSED WBM ESTIMATOR

L-1 —1L-1
The proposed WBM employs the real-time SDWPT (RThz(k))? = 1 2(5?,1 —1))* + Z Z (& (K
SDWPT) to implement the network transient detection and 2= z=1 1=0
grid impedance estimation strategies. 9)

] o Therefore, the wavelet-based RMS value is given by [24]:
A. The Real-Time Wavelet Packet Coefficients

The RT-SDWPT decomposition packet coefficients at level 1 Xk: r]z:l( (n))2] (10)

j are computed as follows [24]: Xuw(k) = 2Ak R X

2=0

Z 7 (k+1—L+1), @) where X, = V,, for voltage orX,, = I,, for current, and
1=0 L—1
| Ll Xi(n) = IX:(‘%Z’I (n—1))2. (11)
22+1 2 =0
: k)= — hy(D)si_((E+1—L+1), 3) .
% *) V2 ; vl )SJ_I( + +1) 3 is the wavelet-based RMS value at node

From (10) in (11), the wavelet-based RMS voltage is given
where0 < z < 271 —1 is the node numbes; is the wavelet by:

packet coefficients associated to the nods scalej, sS=ux

represents the original signal; is the length of the wavelet 1 k 2-1L-1
filter; k is the current sampling associated to the tikig,, Vu(k) = \| 5% > SN (Ew(n—1)2].
where f, is the sampling rate, andh,, are low- and high- n=k—Ak+1 L2=0 =0

pass finite impulse response (FIR) quadrature mirror filters. (12)
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Similarly, the wavelet-based RMS current is given:

1 k 25 —1L—1
VP

n=k—Ak+1 Lz2=0 [=0

Ly (k) =

D> (Eitn—0)2]. 13)

where¢] ., ., represents the energy of wavelet coefficients of
the node one in the first level, at the frequency band [480, 960]
Hz (s1) and E 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

2) Power ComponentsThe active power can also be dethe WB-GIE for injecting a synthesized interharmonic into the
scribed in terms of the RT-SDWPT coefficients as follows: power grid for estimating its impedance.

k

Pulh) = 5p D

n=k—Ak+1
wherew(k)i(k) in wavelet terms is given by [24]:

L-1
v(k)i(k) = % > 0 (k= 1)) (k—1)
=0

29 -1L—-1

1 z z
+3 YN stk —Dsia(k—1). (15)

z=1 [=0
Therefore, substituting (15) in (14) yields [24]:
k

L—1
1
Pu(k) = 53z oD (n-DE) i (n—1)
n=k—Ak+1 LI=0

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

V. THE PROPOSED GRID IMPEDANCE ESTIMATOR -
WB-GIE

The proposed WB-GIE method estimates the grid
impedance by injecting a temporary interharmorniig,{;) 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

29-1L-1 Section, whereas its magnitude and duration will be discussed
+ Z Z Ewn—=0Ei(n=1)], (16) in Section VI.
z=1 1=0

whereP,, (k) represents the total active power of the frequency
band associated to the nodand level;. (16) is in accordance p. sampling Rate and the Decomposition Level
with the Parseval’s theorem.

From (10), the wavelet-based apparent power is given by According to the Nyquist criterion, a discrete signal with the
_ sampling rate off; has frequency band components limited
Suwlk) = Vu (k) Lo (K)- A7) from O to f,/2. From the multiresolution analysis, it is possible
Based on the classical power theory, the wavelet-baseddecompose an input signal in various frequency sub-bands
power factor is given by: with different resolution levels. The SDWPT employs the
multiresolution analysis, obtained through the inner product of
Su(k)’ (18) an input signal with a quadrature mirror filter pair (low- and
v high-pass filters). The extraction of the synthetic interharmonic
IV. THE PROPOSED GRID CHANGING DETECTION - component depends on both the sampling rate and wavelet de-
composition level. Firstly, the fundamental and the harmonics

WB-TDS
, i must be located on the cutoff frequencies of the wavelet filters,
The implementation of the proposed WB-TDS employ\?/hich means thaf; must be multiple integers of/8 Besides

the analysis of the wavelet coefficient energy for detectingy; the synthetic interharmonic must be centered in one of

transient network events based on [21]. According to thifie \avelet sub-bands to ensure superior performance in its
method, the wavelet coefficients of power system voltages ponent extraction

currents, at the first decomposition level, present a Gau53|ar|1:0r instance, employing a sampling frequencyof- 1920

probability distribution function with zero meanu{ ~ 0) . -
and a standard deviationr(), termed asN(0, 02), with Hz Wlth_a\_fundamental frequency gt= .6.0 Hz (3_2 samples per
cle), it is necessary four decomposition levgls@). There-

harmonics disregarded in this related wavelet sub-band. Intﬁ}/s the f ; is divided into sixt bands with
fashion, the wavelet coefficient energy in the steady-state e Ie rggl:_'en(_:ytspeci ruThISth 'V:c ed Into SLxleend f?n swi
only affected by high-frequency noises and can be employ%cfegu ar oU-rz Interval, wi € fundamental and harmonic

to detect disturbances through established thresholds, Wh?(%nponents Iocaped_ on cutoff frequ_enu_es of these t_)&l_nds. For
improving the grid impedance estimation and avoiding the

follows the chi-square probability distribution [27]. Therefore

the occurrence of any grid disturbance (e.qg., faults, voltage s§' ’e-effects due to the fundamental and low-order harmonics

nonstationary disturbances, switching maneuver, etc.) prod ethe power grid, it is essential to choose the interharmonic

an increase of the wavelet coefficient energy providing frequency far from them. One possible solution is to select the

high-speed detection of the grid-impedance changing, Whigﬁerharmo_r!lc frequency Ofin; = 630 Hz. Fig. 2_presents the
follows a simple criterion: ecomposition tree to extract the interharmonic component of

this example, with the synthesized interharmonic centralized
Elly{v_’i}(k —1)<FE and Ellﬂ{vyi}(k) >FE, (19) atthe band [600 - 660] Hz in the fourth decomposition level.

PF,(k) =
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01uns () = cos™ (PFy,,, (k) = cos™ [Pf—(k)} :

0-120 Hz Vf’int (k)‘[f1nt (k)
....... o
0240 Hz oood b, 23 i (24)
"""" L N TR wheredy, . is the phase difference between the voltage and

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

The interharmonic impedanceZf;, ,(k)) can be properly
computed by using the RT-SDWPT approach as follows [17]:

: Heeed ) - Vi (k
X : ‘ : Zfint (k) = IfLr((k))é efmm (25)
0-960 Hz 720-960 Hz : Fint
h, YZ : where the real part offm(k:) refers to the resistance of the
E -eeesf 480600 Hz . grid impedance as follows [17]:
hw L ‘ ------ 54 w =
' L it RY (k) = Re{Zy,,.,(k)} = Zy,.(k)cos(0y,,, (k)),  (26)
480-960 Hz h, 72'100-720 Hz whereas the reactance related to the interharmonic frequency
480-720 Hz h, S_%\_ ; .slf corresponds to the imaginary part 8f;,,:(k) given by [17]:
: g Xy, (k) =Im{Zy,, ., (k)} = Zy,,, (k)sin(0,,,, (k),  (27)
Interharmonic 600-660 Hz ) ] )
decomposition The grid reactance is given by [17]:
(a)
w1
Level 4 XY (k)=X¥ (k 28
% cve g ( ) fint( )UJ int’ ( )
=
g 5 e wherew;,; andw; are frequencies of the interharmonic and
s fundamental components, respectively.
600 % 660 900 960
Jim= 630 VI. PERFORMANCE ASSESSMENT
Frequency .
(®) 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

Fig. 2. Wavelet-packet decomposition for a sampling frequency of 1920
Hz: (a) four-level decomposition tree; (b) ideal frequency response.

the frequency off;,; = 630 Hz, the current regulators
B. Estimating the Grid Impedance of the Power Grid employed in the PV-based DG were redesigned for providing
Based on (10), the RMS interharmonic voltage and curreatclosed-loop bandwidth @fr; = 13207 rad/s to guarantee
are computed as follows: the effective signal injection. The commissioning experimental
tests fulfill the WBM desired performance by setting up the
Vi, (k) = 1 : L_l(gfmt( )? (20) mother wavelet length, the interharmonic magnitude, and the
Fine M A9 AR nikZMH ZZ; g0 T ’ signal injection duration.

Several measurements realized at different times along the
1 . day results in an expected grid impedanc& gt 0.53+50.15

Iy,,.. (k) = BN Z [Z(Eﬁ" (n— l))zla (21) (i.e., R, ~ 0530 and X, ~ 0.15%), with a deviation of
n=k—Ak+1 L1=0 +10%. Based on these measurements, this work adopted the

Wheregﬁjf and Ef'ii"f are wavelet coefficient energies of thédfid impedance o7, ~ 0.53 + j0.155 as a reference value

voltage and current, respectively, at nodand scalej which employed to validate the estimation methods that will be tested

include the interharmonic frequengy,; in the band center. N the following experiments.

It is well-known that the SDWPT with a real mother wavelet
cannot provide the phase information of a single signal, sugh Definition of the Mother Wavelet Length

as a voltage or a current directly. However, the phase anglerpe \WB-GIE implementation can use long or compact

difference between the current and voltage can be propefither wavelets. For evaluating those effects, the WB-GIE
computed using power concepts as follows [17]: performs the grid impedance estimation with several mother

k L-1

1 k L1 _ wavelets. Table | summarizes the used mother wavelets and
Py, (k) = AR Z Z 53{}“ (n— 1)53-{7”(71 —1)|, the average values of the estimated grid impedance.
n=k—Ak+1 LI=0 In [6], a DFT-based method for estimating grid impedance

(22)  considers the injection of an interharmonic with a frequency

of 90 Hz, which is close to the fundamental component.

PFy, (k) = Prins () = Prini (k) ’ (23) This method injects the interharmonic signal continuously.
Stim (k) Vi (k) g, (k) For the sake of comparison with the proposed method, this
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existing method was adapted to estimate the grid impedamm®blems. An alternative is to provide the signal injection
considering the interharmonic frequency of 630 Hz insteddr a short period, triggered by the proposed WB-TDS. The
of 90 Hz. Table | demonstrates the performance of bo#idvantage of this method is the mitigation of the harmonic
estimation approaches. distortion. This paper adopted a duration time of the signal
According to Table I, both long and compact mothenjection of 100 ms (six cycles of the fundamental) to avoid
wavelets provided similar performance and agreed with thedesired power quality issues. Therefore, WB-GIE estimates
expected values. However, long mother wavelets present the grid impedance during this time interval after the detection
highest computational burden and highest time delay, leadiofya possible grid impedance variation. At the end of this
to drawbacks on real-time applications because it requireserval, the WB-GIE provides the average value of the grid
long-duration interharmonic injection. Therefore, the mothé@npedance estimation on the last two cycles.
wavelet db(4) is the most suitable. The WB-GIE provided
similar performance to the DFT-based method. However,
use in the proposed WBM produces superior results beca
the injection of the interharmonic occurs only when the WB- The performance evaluation and effectiveness of the pro-

its .
l[]t)SeExperlmental Results

TDS detects a grid impedance changing. posed WBM grid impedance estimator employ four experi-
mental tests in the following operational scenarios: (i) balanced
TABLE | grid impedance variation, (ii) interconnection of three-phase

GRID IMPEDANCE ESTIMATION OBTAINED WITH RT-SDWPT-BASED nonlinear load, (|||) unbalanced gr|d impedance' and (lV) inter-

METHOD WITH DIFFERENT MOTHER WAVELETS . connection of a three-phase capacitive load. In all experimental
tests, controlled switche&s 1 — K4 provide the interconnection

Mother wavelet of external components,.,; = 0.5 Q andl;,.,; = 0.5 mH
db@) db(6) db(1d) db(30) OF ' (inserted simultaneously or individually) in series with the
Resistancef)] 0.53 0.53 0.53 0.53 0.53 power grid, modifying its nameplate impedance. Table Il
Reactancef)] 0.15 0.15 0.15 0.15 0.15 presents the setup parameters obtained from the commission-
Impedance] 0.55 0.55 0.55 0.55 0.55 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.

B. Magnitude of the Interharmonic . o .
L L 1) Balanced Grid Impedance VariatiorEig. 3 depicts the
The accuracy of the grid impedance estimation dependsr@%
St

. -c ) se current waveform on the PCC and the grid impedance
both the magnitude and the repetition rate of the interharmo imation obtained through the proposed WBM. At the be-

injec_:tion. Small amplitudes can det(_ariorate t_he impedar_1ce eﬁti'ﬁning of the experiment, the startup algorithm triggers the
mation due to the SNR, whereas high amplitudes can inCreggg | for injecting the interharmonic and estimates the
the total harmonic distortion of output currentSHD;). To power grid impedance, which resulted R” ~ 0.53 €,
achieve a suitable magnitude level, the WB-GIE performeﬁw ~ 0.15 Q and Z¥ ~ 0.57 Q, as presentgd in Figs. 3(b)-
the grid impedance estimation with different interharmonig,? which follows tf;]e expected values &f, ~ 0.53 + j0.15
amplitudes and compared them with the DFT-based meth a;/vith 1£10% of deviation. At ~ 1.65s, switchesk 1 — K4

described before. Table Il summarizes the average Valugs,..onnect the external componentg § andl;.;) in series

of the impedance estimation obtained with both methods Ry, the grid, causing a transient in the currents, as shown in

using different interharmonic amplitudes, and associated er'l_qi'g_ 3(a) and (e). The WB-TDS detected the grid impedance

apparent power, shortcircuit power, system SNR, and tUﬁriation through a fast increase of the first-level wavelet co-

THD; dewat_lon. i efficient energy, as shown in Fig. 3(e), which triggers the WB-
The experimental results presented satisfactory and accuigje (flag signal in Fig. 3(a)) for injecting an interharmonic

impedance estimation with low- and high-magnitude of t d providing the arid impedance estimati ~ 1.20 Q
injected interharmonic while demonstrated that their am;linw i 0 37% anng“f Npl 22 O (Figs 3?;?;_((1))' whic’h
. q ~ . . i)

tudes did not influence the estimation. However, the use &frrespondsto the expected impedance &g s 0.53450.15

interharmonic with higher amplitude could result in significarktz in series withZ,.,; ~ 0.5+ j0.188 Q). In this test, the
THDi deviations (see Table I1). Therefore, the criterion for thggimated grid reactance presented a deviation of less than 10%

selection of the interharmonic amplitude should consider t%tf, the predicted value, inside the impedance range imposed
THD impact on the grid. Furthermore, the small deviations %f '

. L . y the PV penetration variation. At~ 2.90 s, the switches
impedance values verified in Table Il for the same interhaf>; _ 74 removed the external components, provoking another

monic magnitude are glue to the variation of the penetratiﬁﬂsturbance, also detected by WB-TDS that triggered the WB-
level that occurred during the tests. GIE to re-estimate the grid impedance. The interharmonic
_ S employed in this test was 2.12.
C. Duration of the Interharmonic Injection 2) Interconnection of Nonlinear LoadEhe interconnection
Another critical issue for the implementation of the WB-of nonlinear loads at the PCC can result in incorrect impedance
GIE is the signal injection duration. Continuous signal inestimations [13]. To evaluate the effectiveness of the proposed
jection increases the THD, causing possible power qualityethod, under these operational conditions, switdiésand

Description
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TABLE Il
GRID IMPEDANCE ESTIMATION WITH DIFFERENT MAGNITUDE OF THE INTERHARMONIC.
Magnitude Apparent G TKVA SNR - THD; THD; Grid impedance Q]
of the interharmonic  power [kVA] ~5¢ [kVA] (%) (V) Ro Rprr Xw Xprr
0.71A 5.40 50.3 3552dB 3.34% 7.40% 058 0.60 0.17 0.16
0.71A 6.20 50.3 35.42dB 337% 6.77% 058 0.61 0.17 0.15
1.41A 5.83 50.3 35.50dB 3.33% 12.20% 057 0.58 0.16 0.16
1.41A 6.49 50.3 35.37dB 3.35% 11.35% 059 059 0.16 0.15
2.12A 5.94 50.3 35.47 dB 3.42% 16.62% 054 054 0.15 0.15
2.12A 6.23 50.3 35.47dB 3.34% 16.00% 0.57 057 0.15 0.15
x. Before interharmonic injection.
v': During interharmonic injection.
TABLE IIl detected the transient event in both PCC phases and triggered
PARAMETERS USED FOR THE GRID IMPEDANCE ESTIMATION the WB-GIE for estimating the grid impedances of both PCC
Frequency of the Interharmonic 630 Hz %rljaswesl \é\ghghf resuhlted A'Rw :111?35 &, fig QN 2(37 &, oa:?(?
Magnitude of the interharmonis 0.71-2.12 A or phaseA, and iz, ~

Q and Zgy, =~ 1.17 Q for phaseB. The |mpedance values
of phase C remained the same. Atx 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
K6 (Fig.1) interconnected linear and nonlinear loads simuliso effective in unbalanced PCCs.
taneously. Fig. 4 depicts the grid impedance estimation of4) |nterconnection of the Capacitive LoadFig. 6 depicts
this experiment. Initially, the estimated impedance has tiige grid impedance estimation of the PCC interconnected to
same values as the test before. At~ 0.4 s, controlled g capacitive bank (provided by the switdti7 in Fig. 1). At
switches K5 and K6 interconnect the linear and nonlineakhe beginning of the experiment, the estimated grid impedance
loads at PCC provoking a transient. The WB-TDS deteg@s the same values as the last testst At 0.4 s, switches
this disturbance and triggers the WB-GIE for injecting thg1— K4 inserted external components in series with the PCC,
interharmonic for estimating the grid impedance. The obtainggusing a transient event, detected by the WB-TDS, which
results demonstrated a slight variation in the grid impedanggygered the WB-GIE for estimating the grid impedance.
estimates, as expected. The results obtained arB? ~ 1.10 Q, X ~ 0.38 Q and

At t ~ 1.0ss, the switched(1— K4 interconnected;.; in 7 ~ 1.20 Q. At ¢t ~ 1. 4 s, the swnchK? interconnected
series to the PCC, producing a disturbance, which was detedleaei three-phase capacitive loag € 150 uF or X .= -17.38
by the WB-TDS that triggered the WB-GIE for performing theR?) in parallel to the PCC, provoking a disturbance. Therefore,
grid impedance estimation. The estimated resultsfgife~ the WBM re-estimated the grid impedance /& ~ 1.00 €,
110 Q, X2 ~ 0.16 Q and Z ~ 1.10 , demonstrating X’ ~ 0.34 2, and Z’ ~ 1.12 Q, which corresponds to the
that only the equivalent reS|stance modified, as expected (thq)ected |mpedance of the equivalent circuit. Theoretically,
initial value is R) ~ 0.53). At t ~ 1.8 s, controlled switches the parallel association of the impedarite- 1.10+50.38 €,
K1 — K4 removedr.s, and WBM re-estimated the PCCthe capacitive load o, = —;17.38, results in an equivalent
grid impedance, resulting in the same values of the beginnimgpedance ofZ =~ 1.14 + j0.32 Q. The WBM estimated
of the experiment. This test demonstrated that the proposkd equivalent grid resistance and reactance with acceptable
method produced accurate results even under the presencermr margins of 12.28% and 6.25%, respectively. This test
nonlinear loads interconnected to the PCC. also demonstrated the effectiveness of the WBM for grid

3) Unbalanced Grid ImpedanceThe knowledge of the impedance estimation in the PCC interconnected to capacitor
grid-impedance under the unbalanced condition is essenfanks.
for determining the stability limits of power system operation, Table IV summaries experimental results related to all
especially in low voltage network systems. Fig. 5 shows tterational scenarios.
experimental results of the grid impedance estimation when
the power grid is unbalanced. Initially, the estimated gri .
impedance has the same values of the tests realized befgre'(:omputatlonal Burden
At t =~ 1.0 s, the controlled switche#&1 — K4 interconnect = The computational burden (i.e., the number of multipli-
rest and lies; in series with the phases A and B of thecations, additions, and other floating-point operations) must
PCC to emulate a grid impedance asymmetry. The WB-TOf less than the sampling time f1y. The proposed grid

6 cycles of the
fundamental frequency
Window size Ak = 64 samples
Sampling rate 1920 Hz

Duration of the signal injection
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1.201
w Interharmonic JH Interharmonic a 1 00_
< o Grid resistance after
TE’ § 0.75¢ 0.5 added a resistor
15} F -10] 2
2 B 20 @ 0.50F v
3 0 ;: el ;‘i g Resistor
il
| . . inception time inception time
(a) 000 1 1 (a) 1 1 J
1.50r 0.20r
lr\—
Si.20r
o Grid 0.5 O | /Grid resistance after o
§ 0.90r - added a resistor % 0.12
B0.60 and inductor 2 0.08 Grid reactance after
=l Re_:51stor and Resistor and e added a resistor
'5 0.30F inductor inductor 2 0.04-
inception time ending time ’
0.00! () 0.00 . | - \ . )
0.50r 1.207 ©
So.40r 31000
8 3 Grid impedance af
= 0.30r Grid 0. 210/ | Grid reacance after 2 L 1T TS an(.:e aliey
g reactance added a resistor £075 050 added a resistor
§ 0.20r and inductor 2 0.50F v
= 0.10] S
— .
Che Z o5t
0.00 1 1 J
(©) 0.00 L L L L ,
1.50r 0 0.6 1.2 1.8 2.4 3.0
— — Time (s)
ci1.20r ©
8 Grid 0. 61| {Grid impedam_:e after]
_§0~90' impedance addedd,a éesft"r Fig. 4. Real-time grid impedance estimation with the interconnection
2 0,60k anCcuetor of nonlinear load: (a) grid resistance; (b) grid reactance and; (c) grid
g7 [ impedance.
20.30f
0.00 ) TABLE IV
300 SUMMARY OF THE EXPERIMENTAL RESULTS.
>
on
§ 240¢ - Scenarios  Phase Step in grid impedance Grid impedance
- 180} High-speed TR XL (@ Xc(@ RY©Q XF(©
5 disturbance | - T0.50  10.188 - 120 0.37
5 120} iEizg o - 1050  10.188 - 0.53 0.15
73 I - 10.50 - - 1.10 0.16
5 60 - 10.50 - - 0.53 0.16
. . . 1050 70188 - 1.5 0.37
0.00% o 20 30 20 _ 1050  10.188 - 0.53 0.15
Time (s) M B 10.50 10.188 - 1.10 0.36
(e) 10.50 10.188 - 0.53 0.15
_ T - - - 0.52 0.16
- - - 0.52 0.16
Fig. 3. Real-time grid impedance estimation: (a) time-domain current Y - 1050  10.188 - 1.10 0.38
waveform (blue line) and transient detection flag (red line); (b) grid - 10.50  10.188  117.38 1.00 0.34

resistance; (c) grid reactance; (d) grid impedance and; (e) wavelet
coefficient energy.

resulting in the execution time of 2.13s. Nevertheless, the

impedance estimation and DFT-based method were imppfoposed WBM implemented through db(4) presented the
mented, on the dSPACE 1103 PPC board, with a sampling ré@eest computational burden.
of 1920 Hz to evaluate their computational burden. Table V
summarizes both computational loadir, per sampling. The
proposed WBM, implemented through db(4) mother wavelet,
presented a computational burden of 2:8,7while the use of
db(30) resulted in 4.32s. The grid impedance implemented DET db4)  db(30)

. . o . S 3.87 us 207us  4.32pus
via DFT method required 3.8is for providing only the grid Impedance estimation o, s . _
impedance estimate. The recursive DFT-based method could :

. . . *Recursive DFT.

also be implemented by using stored values of cosine and
sine values in a buffer to minimize the computational burden,

TABLE V
COMPUTATIONAL BURDEN.
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— A
o | |~ PhaseB
e 120 Phase C
Q - .
= 0.90F Grid resistance afer
s 05Q added a resistor
-2 and inductor
% 0.60 L
b=t Resistor and Resistor and
5 0.30r inductor inductor
0.00 inception time ending time
: (a)
0.45r
G 036} f
o Grid reactance after
2027+ 0.210Q added a resistor
g ’ and inductor
8 0.18
=
$— =
3 0.09
0.00 ®)
1.50r
S 120+
8 Grid impedance after
S 0.90f 0.60 Q added a resistor
B and inductor
£0.60
o
‘& 0.30r
]
0.00 05 1.0 15 2.0 25 30
Time (s)
()
Fig. 5. Real-time grid impedance estimation with the unbalanced

grid impedance: (a) grid resistance; (b) grid reactance and; (c) grid
impedance.

VII. CONCLUSION

commissioning tests for determining the length of the moth

wavelet, the interharmonic magnitude, and its duration. Th
experimental essays demonstrated that the proposed WBM

provided an accurate grid impedance estimation of PC

interconnected with standard loads, nonlinear loads, and c
pacitive banks. Besides, it is also effective under unbalanced
operational conditions. Compared with existing methods, the
proposed WBM provided reliable and fast grid transient dete(@
tion and accurate grid impedance estimation. For its inherent
characteristics, the proposed WBM should be further used il
adaptive power flow control in distributed generation in low-

voltage power systems.
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