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A Noninvasive Grid Impedance Estimation Method With Phase-Lock Loops

Haoxin Yang

Abstract—For grid-following inverters, an accurate grid impeda-
nce estimation (GIE) enables many beneficial applications. Con-
ventional active GIE methods, such as the PQ variation method,
intentionally introduce power disturbances around the system’s
steady-state operating point. However, it might bring undesired
reactive power into the grid and its accuracy can be influenced
by phase-lock loop (PLL) phase angle variations. To address these
challenges, this letter proposes a noninvasive GIE method, which
utilizes PLL’s inherent operating characteristics. It only requires a
single steady-state operating point transition that naturally occurs
during the system’s normal operation, eliminating the need to inject
deliberate PQ disturbances. In addition, by considering PLL phase
angle variations, this method also ensures accurate estimation
results across diverse conditions. Experimental verifications are
provided, which demonstrate the effectiveness and accuracy of the
proposed method.

Index Terms—Grid-following inverter (GFI), grid impedance,
noninvasive estimation, phase-lock loop (PLL), PQ variations.

1. INTRODUCTION

ITH the ongoing emphasis on reducing carbon foot-
prints, renewable energy generation systems and en-
ergy storage systems are receiving heightened attention and are
being more widely integrated into power systems [1]. These
power-electronics-based systems commonly connect to the grid
via grid-following inverters (GFIs) at the point of common
coupling (PCC), and their performance is inevitably influenced
by grid impedance, affecting power transfer, passive component
resonance, and synchronization stability [2], [3], [4]. Conse-
quently, an accurate grid impedance estimation (GIE) has gar-
nered extensive attention and finds applications in areas such
as islanding detection, adaptive control implementations, and
real-time impedance-based stability assessment [4], [5], [6].
GIE methods can be generally categorized into two groups:
passive and active approaches [7]. Passive approaches enable
impedance estimation by exploring existing information in the
system. For example, grid inductance can be measured using
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current switching ripples or current distortions caused by dead-
time effects [8], [9]. Alternatively, Duan et al. [10] proposed
a method for identifying grid inductance by calculating the
oscillation frequencies of grid currents in the transient state.
However, these methods typically depend on high-bandwidth
sampling and noise filtering techniques. In addition, they often
overlook the grid resistance.

Active methods intentionally induce a disturbance in the
grid after which grid impedance can be estimated by analyz-
ing the consequent current responses. For example, a pulsed
signal injection approach and a recursive least square algorithm
were used to measure the grid impedance [11]. Alternatively,
a pseudorandom binary sequence signal injection scheme was
proposed to improve GIE accuracies in nonideal grid conditions
[12]. Recently, a zero-sequence voltage injection GIE method
was adopted in a three-phase four-wire GFI [13]. While these
active methods may offer higher estimation accuracy than their
passive counterparts, they undeniably pose potential power qual-
ity concerns.

For GFls, the PQ variation method offers another active
approach for GIE that brings fewer power quality concerns. This
technique estimates grid impedance by intentionally changing
the system’s active and reactive power, thereby avoiding the need
for harmonic injections [14], [15], [16], [17], [18]. To facilitate
calculations, a frame transformation is typically employed to
convert measured ac signals into dc signals within the dg-frame
[7]. Building on this, a decoupled power injection strategy was
proposed in [15], where only active power is adjusted when
estimating the grid resistance, and only reactive power is varied
for estimating the grid inductance. Moreover, an online, event-
based PQ variation GIE method was proposed in [16], which
involves the continuous monitoring of the positive-sequence am-
plitude of PCC voltages. Recently, this method was adopted in
a multi-inverter system to save real-time communications [17].
However, despite their simplicity, most PQ variation techniques
still require at least two PQ perturbation injections and may
introduce undesired reactive power to the grid.

Moreover, it is crucial to note that the phase angle vari-
ations of phase-lock loops (PLLs) will influence the accu-
racy of the PQ variation estimation method. Specifically, for
GFIs, the measured voltages and currents align with the
PCC-voltage dg-frame. This frame is typically provided by a
PLL, which regulates the g-axis PCC-voltage to zero, giving
a reference synchronous phase for signal measurements and
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Fig. 1. Diagrams of (a) a GFI that connects to the grid at PCC with a PLL and
(b) a typical PQ variation scheme for GIE.

injections. However, in the presence of grid impedance, the PQ
variations inevitably cause steady-state changes to the PCC volt-
ages, leading to a PLL frequency drift during the transient state.
Consequently, after the PQ variations, the measured signals align
with a different dg-frame. It can compromise the estimation
accuracy if this effect is overlooked. Meng-Chun et al. [18]
proposed a PQ variation method based on a virtual reference
axis, which intentionally sets the PLL angular frequency as a
constant, ensuring all measured signals align the same dg-frame
during estimation. While this improves accuracy, it changes
PLL’s internal configurations and disables its closed-loop regu-
lation.

To overcome the limitations of conventional methods, this
letter proposes a noninvasive GIE method for GFIs based on
PLL’s inherent characteristics. Its major benefits are as follows.

1) The proposed method utilizes the system’s natural steady-
state transitions to identify both grid resistance and induc-
tance, without injecting deliberate PQ disturbances.

2) The proposed method utilizes PLL’s inherent operating
characteristics, eliminating the need to change existing
hardware or software configurations. Furthermore, it takes
into account PLL phase angle variations, guaranteeing
precise estimation results across diverse conditions.

The rest of the letter is organized as follows. Section II
briefly reviews PQ variation-based GIE methods, highlight-
ing how PLL phase angle variations influence the accuracy
of the estimations. Section III introduces the proposed non-
invasive GIE method, along with a practical implementation
guideline. The experimental results are presented in Section I'V.
Finally, Section V concludes this letter.

II. PQ VARIATION-BASED GIE METHODS AND PLL PHASE
ANGLE VARIATIONS

This section briefly reviews the principles of PQ variation-
based GIE methods, highlighting how PLL phase angle vari-
ations impact the accuracy of the estimations. The system
structure diagram is shown in Fig. 1(a), illustrating a GFI that
is connected to the grid at PCC. Within this structure, V. is
the dc-link voltage; i, represents the grid currents; vpc. and vg
denote the PCC voltages and grid voltages, respectively. The
gridimpedance, represented by Z,, comprises the grid equivalent
resistance R, and equivalent inductance Lg, i.e.,

Zy = Ry + jwgLg (1)
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Fig. 2. Phasor diagrams of the PLL dg-frame established by PCC-voltages

(a) before PQ variation and (b) after PQ variation, where the A6, is the PLL
phase angle variation.

where w, represents the grid angular frequency. Fig. 1(b) shows
a typical PQ variation scheme for GIE, which intentionally
disturbs the system output power (specifically, the grid currents)
around the system’s steady-state operating points. By employ-
ing Kirchhoff’s voltage law, the pre-disturbance vy.. can be
expressed as

Upee = Vg + igZg. )
When i, changes to iy + Aig, (2) is rewritten as
Vpee + AUpee = Vg + (ig + Aig) Zy 3)

where Avp. denotes the PCC voltage change. Based on (2) and
(3), Z; can be determined as

Zy = Avpee /Ay 4)

Transformation techniques are commonly employed to con-
vert time-varying ac signals in the abc-frame into time-invariant
dc signals in the dg-frame to facilitate calculations [7]. By doing
so, the estimation of Z, changes to

Zg - ArUpcc_dq/AZ.g_dq (5)

where Avpee_qq and Aig_g, represent the PCC voltage and
current changes in dg-frame, respectively. However, this result
overlooks the impacts of PLL phase angle variations, which can
affect the estimation accuracy. Specifically, the measured signals
align with the PCC-voltage dg-frame. As shown in Fig. 1, this
frame is provided by a PLL, which naturally regulates vjc._q =
0 in the steady state, thereby establishing a reference phase 0,11
for frame transformations, signal measurements and disturbance
injections. However, as indicated in (2) and (3), the PQ variations
inevitably cause steady-state changes to vpq, bringing a PLL
frequency drift during the transient state. As a result, after
the PQ variations, the measured signals align with a different
dg-frame, exhibiting a phase angle difference (represented as
ABpy hereinafter) compared to the original dg-frame.

The effect of this PLL phase angle variation is shown in Fig. 2,
indicating that the relationship among the variables, pre- and
post-PQ variations, is geometric rather than simply algebraic.
Therefore, estimation results derived from a direct subtraction
of the variables before and after the disturbance, as outlined in
(5), are prone to inaccuracies.
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Fig. 3. Block diagram of an SRF-PLL with the Af,;; measurement by the
Awpy) integrator.

III. PROPOSED NONINVASIVE GIE METHOD
A. A0y, Measurement Scheme by PLLs

The A6, caused by PQ variations and PLL regulations leads
to estimation inaccuracies. Thus, having prior information of
A#fp is important for an accurate GIE.

First of all, the structure of a synchronous reference frame
PLL (SRF-PLL) is shown in Fig. 3, where the PLL loop filter,
i.e., the PI controller, and a voltage-controlled oscillator, viz.,
the integrator, collectively adjust 6 to attenuate vpcc_q. Note
that in the steady state, wp = Wy, Vpee—q = 0, and vpee_q =
Vpec are satisfied, where V.. denotes the magnitude of vpc.
Based on Fig. 3, 0,1 can be determined in the s-domain as

Opii(s) = we_ret/s + Awpn () /s. (6)

As seen, 1 comprises two components. The first component
is the integration of w,_,ef, Which provides a constant angular
frequency to the reference dg-frame. As wg_,ef is unchanged,
this component remains unaffected by PQ variations and, con-
sequently, does not contribute to Af;. The second component
is the integration of Awp,1, which determines Af,y;. Specifically,
when PQ variations cause changes to Vpcc, Vpee_q Will deviate
from zero in the transient period. In response to this deviation,
the PI controller’s output, i.e., Awpy, causes a small angular
frequency drift to adjust 6,1, aiming to reduce vpc._q. Conse-
quently, in the system’s subsequent steady state with vcc_q =
0, the phase shift accumulated by Awy,; establishes Af,y;, that
is

Abpu(s) = Awpn (8) /5. (7

Based on (7), in order to solely obtain A#;, an external
integrator, hereafter referred to as the Awyp,; integrator, is added
to Awpii. As depicted in the red block in Fig. 3, this addition
does not alter the existing operations of the PLL. By doing so,
one can easily obtain Af,); from this integrator’s output after
the PQ variations.

B. Working Principles of the Proposed GIE Method

In this section, the working principles of the proposed GIE
method are presented. For clarity, v, is chosen as a reference of
zero degree, denoted as

vg = Vg Z0 ®)
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Fig. 4. Phasor diagrams of PCC voltages, grid currents, and grid voltages

(a) before variation and (b) after variation.

where V, represents the magnitude of the grid voltage. Using
this reference, vy, can be represented as

Upee = ‘/pccéapcc 9)

where 0, is the initial phase angle of vyc. It is important to
highlight that 6. determines the steady-state phase angle of
the reference dg-frame. Based on that, i, can be expressed as

bg = Iy aZ0pcc + Iy ¢Z(Opec +7/2) (10)

where I;_q and I;_ are the magnitudes of currents in the d- and
g-axes, respectively. Based on (1) and (2), the interrelationships
among the above variables are illustrated in a phasor diagram,
as shown in Fig. 4(a), where the magnitude of each phasor is
labeled adjacent to its representation. Based on Fig. 4(a), one
can obtain that

Vecos(Opee) + Iy alg — Iy qwgLg = Viee (an

Vesin(bpee) = Iy awgLg + Ig ¢Rg. (12)

When there is a change in the steady-state working point,
characterized by Al,_4 and Al,_, that represent the changes
in the d- and g-axes current magnitudes, respectively, the PCC

voltage shifts to
U/pcc = (Vbcc + AVi)cc)l(apcc + Alel) (13)

where AV, is the PCC voltage magnitude change, and Af,
is the PLL phase angle variation. Aligning with a new dg-frame
established by V/cc, thus, the steady-state grid current changes
to

i/g = (Ig,d + AIg,d)lwpcc + Aé’pll>
+ (Igq + Aly q)Z(Opee + Abpn + 7/2).

Subsequently, this results in modifications to the phasor di-
agram in the steady state, as depicted in Fig. 4(b), from which
one can obtain that

VgCOS(GPCC -I-Aepu) + (Ig7d+AIg7d)Rg — (Ig7q+AIg7q)ngg

(14)
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= ‘/pCC + A‘/pCC (15)

Vosin(Opee +A0pn) = (Ig a+Aly a)wgLg+ (I g+ ALy g) Ry
(16)

Note that both V¢ and Vpeo+AV,c. can be obtained from
Vpee_d before and after the variation. Furthermore, Af,;; can be
obtained using the Awy,; integrator, as shown in Fig. 3. There-
fore, based on the four sets of equations, denoted as (11), (12),
(15), and (16), and the four corresponding unknowns, namely,
Ry, Lg, Vg, and 0, it is feasible to derive exact analytical
solutions for the grid impedance, written as (17) and (18) at the
bottom of this page. Particularly, for the GFIs working with a
unity power factor, one can insert I,_, = Al,_, = 0 into (17)
and (18), then we obtain the following:

(AVpeelg a+Vpee Aly a42Viee Ly a)[1—cos(A0p)|+AViee Al g

Rg,lPF\zlz 2(12 j+1; aAIy a)[1—cos(AG)]+AI2 ,
(19)

AVieely 4—Voee AL 4 .
we L - = - peed e o sin(Abyy).
g g, |PF|=1 2(12 11y a AT a)[1—cos(Ab) |+ ATZ,, (Afpn)
(20)

C. Practical Implementation Guideline

This section gives a practical implementation guideline for
the proposed method.

Note that (17) and (18) offer a generalized estimation result
that incorporates PLL phase angle variations. This enables the
system to accurately identify both R, and L, with only one
transition between any two steady states, specifically from (/g_g4,
Iy_g) to (Ig_q+Aly_g, I;_q+Al,_,). Such a transition com-
monly occurs in practical applications, such as when distributed
generation systems adjust current references based on higher
level

controllers, or when energy storage systems change their
steady states in response to commands from energy management
systems. Therefore, the proposed method can leverage these
existing and natural steady-state transitions to estimate grid
impedance, without causing any perturbations to the system’s
normal operation. From this perspective, the proposed method
is noninvasive.

For conventional methods, utilizing these natural steady-state
transitions is restricted, primarily because they overlook Af,;.
Specifically, without the knowledge of Ad,y, a single transi-
tion is not sufficient to obtain both R, and L., necessitating
additional information. Moreover, as A# is not considered,
their accuracy is limited to scenarios with minor steady-state
transitions, where Ady,) is negligible. Typically, conventional
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TABLE I
KEY SYSTEM PARAMETERS

Symbol Value Symbol Value

Ve 110 V (rms) o) 314 rad/s
Ve 400 V Jow 20 kHz
Ry 1Q L 4.4 mH
Vin g 05V Tin 4 200 ms

methods inject two PQ distributions around the steady-state
working point intentionally [14], [15], [16], [17], which is done
in an invasive manner.

A step-by-step implementation guideline for the proposed
GIE method is given as follows, where the compensation for
the grid frequency variation is included.

Step I: Check whether wg_of = wg. If yes, then proceed to Step
III. If not, proceed to Step II.

Step II: When wg_ef # wy, there is a de-bias in Awpyy. In this
case, one can manually set a new wy_,¢f that equals to wyg.
When the dc-bias of Awp reduces to zero, then proceed to
Step II1.

Step III: Record I;_g4, Iz_g4, and Vi from vpcc_gq. Then, set
the initial value of the Awy integrator to zero. After that,
proceed to Step IV.

Step IV: Based on the commands issued by higher level con-
trollers, the current references in d- and g-axes change to I;_q4
+ Aly_qand I,_, + Al,_,, respectively. When the system
reaches a new steady state and |[Vpcc_o| is smaller than a given
threshold voltage Vy;,_, for a period Tiy,_,, then proceed to
Step V.

Step V: Record Viee+ AVpee from viee_q, and Afpy from the
Awpy integrator. Then, calculate Rg and L, based on (17) and
(18), or (19) and (20). It is worth noting that one can adopt
the first-order Taylor approximation into (17)—(20) for small
Af,n values, i.e., sin(Af,n) =~ Afpy and cos(Abpn) ~ 1, to
simplify the calculations [19].

IV. EXPERIMENTAL RESULTS

The effectiveness and accuracy of the proposed GIE method
were tested and evaluated in this section. In the performed exper-
iments, the grid voltage is provided by a Chroma grid emulator
61830. The three-phase GFI is fed by a bidirectional dc power
supply ITECH IT600B, and the digital controller is implemented
with TITMS320F28377. The key system parameters are listed in
Table I, where the total grid equivalent resistance and inductance
are 1 2 and 4.4 mH, respectively.

(AVPCCIM + ‘/pccAIgfd + Q%CCIgfd) 1-— COS(AQPH)] + (VPCCAIgiq — A‘/I)cclgfq) Sin(AepH) + AV;)CCAIgid

Rg:2

[
(IgQ_d + 12 4 Iy aAlg a + Iy oAl o)[1 = cos(AOpn)] + 2 (Ig aAly g — Aly aly o) sin(Afp) + Alg?_d + A2,

A7)

(A‘/pcc]gﬂ + Ve Al g + QVPCCIg,q)[l - COS(AQPH)] + (AVpchgfd _ VpCCAIg,d) Sin(Aepll) + AVpee Al 4

wglg = —

Q(IgQ_d + Ig_q + Ig_dAIg_d + Ig_qAIg_q)[l — COS(AGPH)] +2 (Ig_dAIg_q — AIg_dIg_q) sin(Aﬁpu) + Afgz_d + AIgQ_q

(18)
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TABLE II
THREE CASES OF SYSTEM OUTPUT CURRENT VARIATIONS
Iy a Iy Aly a Al 4
Case I S A S A 15A 20 A
Case II 20 A 10 A 0A 20 A
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Zoom in

(‘2 Phase A vpee[ 200V/d|v]

I
\WWWWW! I

Phase A i, [5S0A/div]

[500 ms/dlv] [100 ms/div]
Vpee 4/ [36V/div] e o < 0.5V for 200ms
o ] w A=151°0___|Gh
C5 A0 25°/diN] Voo = 156.7V 5
> 4 AVpee = -15.0V 5 It i e
Vpee £ 136V/div] — > ]
Before Variation After Variation
(a)
ﬁ)om in
C1 I ‘
— It
‘.‘ ” \‘ ‘\Mm”u‘
Pl 200 V/d
C2 ]dbﬁ mm muhum Hh\ T . mmumUHHMHNM Ao ( 2
TN e A i uhu TN U {
Phase A /g:[SOA/dlv] [500 ms/dlv] [100 ms/div]
| Voce ¢ [36V/div] M Vpee 4| < 0.5V for z(mm\i 4
ST A [25°7div] b “ ~ .
EIRES Ay =-7.5°T
AV

Viee = 156.2V
€5 vpee d:[36V/div] " v {\N

Before Variation

M,,cc=3|.0v$ 5 /

Before: After

After Variation

(b)

TeLEOYIE

) * il

(2| Phase A vyee: [200V/div]
—>
Phase A i,:[S0A/div]

[500 ms/div]

[100 ms/div]

Vpee ¢:[36V/div] [Voee ¢l < 0.5V for 200ms
/h
C4| AGyi:[25°/div] o WAGm=41° 4
> >

X
WAhe=13V__lcs

Before After

157V

S| Voo [36V/div] Ve =

After Variation

(c)

Before Variation

Fig. 5. Experimental waveforms of vpcc, ig, Vpee_g» Vpee_d» and Afpy in
(a) Case I, (b) Case II, and (c¢) Case III.

In Table II, three cases of the system’s output states and their
respective variations are given. These variations aim to emulate
different natural steady-state transitions that occur during the
system’s normal operation.

Fig. 5(a) shows the experimental waveforms of vpcc, ig,
Vpee—gs Vpee—d» and Afpy in Case I, where vpee_g, Vpee_d, and
Afpy are measured at the outputs of digital-to-analog chips
at the controller board. As can be seen, vpc. varies with iy
in the presence of R, and L, bringing transient in vpec_g.
After PLL’s regulation, the system will achieve a new steady
state when v;,.._, returns to zero. Based on (17) and (18), R,
and L, are estimated as 0.997 2 and 4.411 mH in this case,
with percent error only being 0.3% and 0.25%, respectively.
It should be highlighted that conventional PQ variation-based
GIE methods cannot be applied in this case, as they require
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Fig. 6. Percent error of Ly and R, estimations across various A6y with

and without the proposed method (the Afpy; is introduced by various Aly_,
and Aly_g in Case II and Case III, respectively), when (a) Vg = 110V rms
and (b) Vg =40V rms.

separate perturbations in AIg_d and AIg_q. In this case, the
percent error of R, and L, estimation using the first-order Taylor
approximation, i.e., sin(Af,n) ~ A6y and cos(Afpn) ~ 1,
amounts to 5.0% and 6.3%, respectively. Furthermore, the total
calculation time for deriving (17) and (18) is approximately 412
ns, while for the approximation results, itis significantly reduced
to about 78 ns. It should be noted that the decision to utilize the
approximations also depends on the specific requirements for
estimation accuracies.

Fig. 5(b) shows the experimental waveforms in Case II, where
only reactive power is varied. Based on (17) and (18), R,
and L, are estimated as 0.995 €) and 4.362 mH, with percent
error only being 0.5% and 0.86%, respectively. In contrast, the
conventional PQ variation-based GIE methods can only estimate
L, in this case. Moreover, their accuracies are limited as A6y
is not considered. Fig. 6(a) illustrates the comparative percent
error of L, estimation between the proposed and conventional
GIE methods in this case. As seen, the proposed method exhibits
a consistently low percent error, lower than 2%, under all testing
conditions. In contrast, the traditional method demonstrates
a significantly higher percent error, varying from 11.9% to
15.8%.

Fig. 5(c) shows the experimental waveforms in Case I1I, where
only active power is generated and varied. Based on (19) and
(20), R, and L, are estimated as 0.987 €2 and 4.407 mH in this
case, with percent error only being 1.3% and 0.2%, respectively.
This result verifies that the proposed method can accurately
identify both R, and L, solely through a single transition in active
power, without requiring any injections of reactive power. This
characteristic significantly enhances the practicability of the
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Fig. 7. Experimental waveforms of vpcc, ig, Vpee_g» Vpee_d» and Afpyy in
Cased III when the grid is under (a) a low-voltage fault (Vy; = 40V rms) and
(b) an unbalanced voltage fault (110 V rms for phase B and C, 80 V rms for
phase A).

proposed method in distributed generation systems and energy
storage systems. In contrast, the conventional methods can only
estimate R, in this case. Fig. 6(a) also illustrates the comparative
percent error of R, estimation, where the proposed method still
exhibits low percent errors under all testing conditions. However,
the conventional method’s percent error climbs significantly,
even reaching as high as 15.7% at A6, = 8.6°.

When grid frequency changes to 50.5 Hz, R, is also accurately
estimated as 1.005, 0.998, and 1.011 € in Cases I-III with
percent errors of only 0.5%, 0.2%, and 1.1%, respectively; L,
is estimated as 4.387, 4.422, and 4.342 mH in Cases I-III, with
percent errors of only 0.3%, 0.5%, and 1.3%, respectively. These
results verify the proposed method’s effectiveness under grid fre-
quency variations by following the step-by-step implementation
guideline given in Section III.

Fig. 7(a) shows the experimental waveforms in Case III under
a low grid voltage fault (Vy; = 40 V rms). In this scenario,
R, and L, are estimated to be 1.007 €2 and 4.413 mH, with
percent errors of only 0.7% and 0.3%, respectively. Under this
grid condition, an enlarged A#,;; can be more easily obtained.
Therefore, Fig. 6(b) presents a more distinct percent error com-
parison across a wider Af; range. As shown, the proposed
method still consistently maintains all percent errors below 2%,
in stark contrast to the conventional methods, which results in
R, estimation errors as high as 66.8% when A6, = 44.1°, and
L, estimation errors reaching up to 52.3% when A6, = 47.8°.

Fig. 7(b) shows the experimental waveforms in Case III under
an unbalanced grid voltage fault (110 V rms for phases B and
C, and 80 V rms for phase A), where the proposed method
still works effectively by using positive sequence component
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extraction techniques in the PLL [20]. In this case, R, and Lg
are estimated to be 0.995 2 and 4.430 mH, with percent errors
of only 0.5% and 0.7%, respectively. These results validate the
proposed method’s effectiveness under grid voltage variations.

V. CONCLUSION

A noninvasive GIE method for GFIs is proposed in this
letter. This method utilizes a natural steady-state transition to
estimate both grid resistance and inductance, without causing
any intentional perturbations to the grid. Note that such a tran-
sition commonly occurs in practical applications, such as when
distributed generation systems adjust current references based
on higher level controllers, or when energy storage systems
change their steady states in response to commands from energy
management systems.

Furthermore, the proposed method only uses PLL’s inherent
operating characteristics, eliminating the need to change PLL’s
existing configurations. In addition, PLL phase angle variations
are considered, guaranteeing precise estimation results across
diverse conditions.

The experimental results verify the proposed method’s effec-
tiveness. Specifically, it consistently maintains a percent error
below 2% when Af; varies from 1.2° to 47.8°. In contrast, tra-
ditional methods exhibit significantly higher estimation errors.
R, estimation errors can be as high as 66.8% when Ag,; is 44.1°.
Similarly, L, estimation errors can reach up to 52.3% when
Afpn is 47.8°. In addition, following the proposed step-by-step
implementation guideline, our method also shows a percent error
below 2% under grid frequency or voltage variations.

The first-order Taylor approximation can be applied to sim-
plify calculations of (17)—(20), where the total computation
time can be reduced by around 80% in our experimental setup.
However, it is important to note that when higher estimation
precision is needed, or Afpy; is not minimal, this approximation
may not be suitable. In such cases, the computational load
becomes a critical factor to consider for real-time applications.
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