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'Grid Impedance Estimation During Large SCR
Drop Events With Grid-Forming Converters

Wentao Liu
Anant Narula

Abstract—Grid-connected converters face significant
synchronization challenges when suddenly exposed
to ultraweak grid conditions, primarily due to the large
and unknown grid impedance. This article proposes a
passive method for efficiently estimating grid impedance
during large short-circuit ratio (SCR) drop disturbances.
The proposed method relies solely on local real-time
measurements—specifically, voltage magnitude, active
power, and reactive power at the point of common coupling
(PCC)—to estimate fundamental grid impedance during
transients. By leveraging the superior voltage control
capability of grid-forming (GFM) converters, PCC voltage
magnitude remains stable throughout the estimation
process, thereby satisfying a requirement of the proposed
approach. Furthermore, this method is inherently robust
to grid frequency variations and phase angle jumps,
further enhancing its practical applicability. With efficient
impedance estimation, the converter can promptly adjust
its active power reference to maintain synchronization. The
effectiveness of this method has been validated through
experimental results.

Index Terms—Grid-forming (GFM) converter, grid
impedance estimation, short-circuit ratio, ultraweak grid.

|. INTRODUCTION

RID-FORMING (GFM) control is a progressive al-
Gternative to conventional grid-following control in the
operation of grid-connected converters, functioning as a cru-
cial interface for diverse renewable energy sources [1]. This
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control approach provides notable benefits, particularly in terms
of enhancing stability in weak grid conditions [2], [3] and
providing robust support voltage and frequency amidst grid
voltage dips [4] and frequency disturbances [5]. Generally, the
fault ride-through control strategies are based on the premise
that the transmission line can handle sufficient power transfer
[6]. However, during disturbances that cause significant drops
in short-circuit ratio (SCR), such as the disconnection of a
major transmission line, the available power transfer capacity
may fall below the active power output command set for the
GFM converter before the disturbance. This situation can lead
to an active power mismatch that threatens synchronization
[7]. To accurately establish the new active power output, it is
crucial to evaluate the power transfer capacity of the remaining
transmission lines, which requires knowing the grid impedance
following the disturbance.

To acquire real-time grid impedance information, three pri-
mary methods have been developed: active, quasi-passive, and
passive estimation [8]. The first category involves the active
injection of various nonfundamental frequency signals, such
as low-frequency signal [9], [10], high-frequency signal [11],
impulse signal [12], triangular-signal [13], pulsed-signal [14],
[15], and pseudorandom binary sequence (PRBS) [16], [17],
into the grid by the connected converters. The grid impedance
is then estimated by analyzing the system’s response to these
injections. For instance, the estimation method presented in [9]
and [10] utilizes a 75 Hz inter-harmonic current injection, which
is subsequently analyzed using a fast Fourier transform (FFT)
to assess the grid impedance. Similarly, a 630 Hz signal is used
with a lower impact on the fundamental signals [11]. Apart from
FFT, Alves et al. [11] employ wavelet transform (WT) for data
analysis, offering a shorter processing time [19]. Mohammed
and Ciobotaru [13] introduce two triangular pulses along the d-
and g-axis, applying complex curve fitting to derive a wideband
grid impedance and evaluate the system stability. Another wide-
band impedance estimation, achieved by pulse-train injection as
described in [15], is suitable for both balanced and unbalanced
grid conditions. However, it significantly degrades the output
waveform quality during the estimation period. Compared with
other kinds of active injection, the PRBS injection utilized in
[16] produces less distortion at the converter output due to its
digital approximation of white noise. However, this method
tends to have a slower estimation speed and higher implemen-
tation complexity [18]. While active impedance estimation can

© 2026 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information,
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function independently of natural grid disturbances, the addi-
tional frequency components introduced may degrade power
quality and conflict with the grid codes [5]. Additionally, while
active estimations are effective in steady-state conditions, their
validation under large transient events remains to be explored.

In the second category, quasi-passive grid impedance estima-
tion is achieved by actively introducing variations in the con-
verter’s active and reactive power references without the need
for nonfundamental frequency signal injection. By performing
multiple measurements at distinct operating points under stable
grid conditions, such as two [20] or three steady-state operating
points [21], the grid impedance is estimated by monitoring the
PCC voltage. However, this approach requires several steady-
state operating points for each estimation, making it challenging
to implement during the SCR disturbances. Using continuous
power pulses, Fantino et al. [22] proposed an observer that mon-
itors the variables of the LCL filter to derive grid impedance,
resulting in a THD of up to 5.1%. As an alternative, large
PQ step responses can be used to perform fundamental grid
impedance estimation during the power-tracking process of
GFM converters [23]. However, this approach presupposes a
stable grid frequency and ideal conditions without noise in the
simulation verification. Conversely, in [24], Fang et al. proposed
leveraging angle variations in the GFM controller to represent
real power angle changes, allowing for impedance estimation
with minimal PQ variations. However, this method assumes that
the grid frequency is fixed without phase jumps, which may be
challenging to apply in real-world conditions.

In the third category, the grid impedance estimation can be
achieved by normal steady-state operation or natural system dis-
turbances. Hence, this category can be further divided into two
subsets, one of which is pure passive methods. Kalman filter-
based observers are adopted to estimate the grid impedance
without extra signal injection or changing operating points [25],
[26]. However, tuning the parameters of the Kalman filter can be
challenging [25]. Furthermore, the accuracy of the estimation
is significantly affected by the grid conditions [26]. In the other
subset, article [27] addresses scenarios involving a drop in grid
SCR by employing a concept similar to that in [24]. When
the estimated SCR falls below a certain threshold, the GFM
controller is switched from PQ to PV mode to maintain stability.
Nonetheless, this method is still based on a fixed grid frequency
condition and only considers a minimum SCR of 1.5. Pepper
and Campos-Gaona [7] investigated the ultraweak grid con-
ditions and proposed a grid impedance estimation method by
detecting the maximum active power operating point. However,
this estimation carries a risk of instability, and despite vali-
dation through simulations, it remains unsuitable for practical
applications.

Most existing estimation methods are developed for rela-
tively strong grid conditions. However, in practice, the grid may
experience a drastic SCR drop below 1, leading to the loss of
the stable equilibrium point. The resulting mismatch between
the reduced grid transfer capability and converter’s preset set-
points can further cause loss of synchronization. To prevent this,
the converter’s active power setpoint must be promptly con-
strained, with limitation determined by the postdisturbance grid

impedance. Nevertheless, an estimation method that remains
effective during such severe SCR-drop transients is still lacking.

Motivated by this gap, this article proposes a robust grid

impedance estimation method applicable during large SCR drop
transients, relying solely on local measurements of real-time
PCC voltage and output power. The proposed approach lever-
ages the characteristic PQ trajectory, which inherently reflects
the dynamic power transfer limits of the remaining transmission
line. Moreover, the method remains effective under varying
grid frequency and phase jumps, demonstrating strong practical
applicability. The proposed approach is experimentally vali-
dated. The main contributions to this article are summarized
as follows.

1) This article addresses grid impedance estimation during
large SCR drops by introducing a simple and easily im-
plementable passive approach that relies solely on local
measurements. The method remains effective even un-
der challenging grid conditions, including grid frequency
variations and phase jumps.

2) With fast online grid impedance estimation, the ac-
tive power reference of the GFM converter can be
rapidly adjusted to maintain stability and prevent loss of
synchronization.

Il. FUNDAMENTALS
A. Basic GFM Control

To operate a GFM converter as a reliable voltage source
behind an output inductor, this work adopts the virtual ad-
mittance (VA)-based GFM controller as described in [2] with
the implementation depicted in Fig. |. Measurements of active
power (P,), reactive power (Q,), and PCC voltage (u,) are fed
into active power control (APC) loop and AC voltage control
(AVC) modules and then generate the virtual-back EMF voltage
upmr. APC has an active power reference limiter generating an
upper limit of P, denoted as P,

_ 2 e Y
ul =/ Savail Qg

where Sayail = Srated Ug/Urated- Uy 1s the PCC voltage magnitude.
Stated and Upyeq denote the nominal values of converter power
and voltage, respectively, and are used as the base values for
normalization. The limited active power reference Prer jim 1S
obtained by passing the preset P through the limiter. The
angle reference Ogyr for ugppr is derived based on

(D

1 K;
OpmE = 3 [(Pref_lim - P,) (Kp + ;) — R, Py + wrated]
2

where K, and K; are the PI values of APC, R, is an active-
damping term, and wyyeq 1S the nominal angular speed. To
generate the magnitude reference of ugyp, the control law for
the AVC, referring to [5], is utilized with a single integrator

K
UEMF = Uraled + :

(Uref - Ug - kDQg) (3)
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GFM 1499 = P-0 curve (SCR =2) — Py
U converter UplBy = S _71"")—(-;;1 ------ U Z6; e P-gcurve (SCR=0.8) = ===== Prof new
£ === Trajectory of operating points

Grid equvalent
impedance Ry+jXy

GFM
controller

Fig. 1. Diagram of grid-forming converter with its control structure.

where K,y and kp are the integral gain and the droop constant
of AVC, respectively. In addition, to prevent overcurrent, Ugyg
is constrained by the upper and lower limits, given as

Uu = |ug + conj KPul + v/ S — le) /ug] (R, +jXU)’
4)
Ui = |ug + conj KPM — A/ S — le> /ug] (Ry + jXu)

&)

where R, + jX, is derived from preset VA. The bold u, de-
notes the vector expression of the PCC voltage. The VA-based
current control module generates the converter output voltage
reference for the PWM module. For more details on the GFM
implementation, please refer to [5].

» B. Loss of Synchronization With an Ultraweak Grid

To ensure stable GFM converter operation with full active
power injection, the grid line transmission capability, Pjine max.
must exceed the converter’s rated power. With grid equivalent
impedance (Z, = R, + jX,), the P, can be represented as

B U;Rg —UyUsRgcosd + UgUsg X gsind
B R + X? '

P, ©)

From (6), assuming U, and Uy are close to 1 p.u. and ne-
glecting Ry, Pline_max (approximately 1/X,) is achieved when
the power angle 6 = (8, — ;) = 7/2. To describe the ultraweak
grid condition, the definition of short-circuit ratio SCR is given

1 1

SCR = =
Rf] + X;/Zb

(N

ZQ_PU

where Z, ,, is the grid impedance in per-unit. The base
impedance Z, is defined as Urzated /Srated- When a main trans-
mission line trips unexpectedly, the SCR dramatically drops to
a low value, potentially falling below the converter’s nominal
power, which may lead to a loss of synchronization. To illus-
trate this phenomenon, the P-§ curves with different SCRs are

l

Loss of synchornization

Re-synchornization

P, (p.u.)
P, (p.u.)

=

b P ref_new

0
0 /2 b 0 /2 m
o (rad) 0 (rad)
(a) (b)

Fig.2. Diagram of P-6 curves when SCR decreases: (a) maintaining the
constant active power reference Pyy; and (b) adjusting to a new active
power reference Pres new-

depicted in Fig. 2(a). The blue and red curves represent the P-0
curve with an SCR of 2 and 0.8, respectively. When SCR = 2,
the Pline_max €xceeds 1 p.u. Thus, the system can operate stably
at the equilibrium operating point @. When the SCR drops to
0.8, the operating point shifts from point a to point b. Since the
NeW Pline max_new 15 lower than the unchanged P..s = 1, there is
no equivalent point. The APC will continuously accelerate the
frequency of ugmr, ultimately resulting in a loss of synchroniza-
tion. While the adaptive VA can enhance current limitations or
transient performance [30], it does not affect the existence of
stable equilibrium points under very weak grids. Therefore, a
well-tuned constant VA providing sufficient damping is adopted
in this work.

C. A Common Solution to Maintain Synchronization

While reducing active power injection to zero may tem-
porarily maintain synchronization, it undermines the original
goal of delivering available active power to prevent signifi-
cant imbalances between power supply and demand. A better
option is to determine a reasonably large active power refer-
ence while ensuring the angle stability [2]. To achieve this, the
GFM controller must promptly complete the estimation of grid
impedance and adjust its Pr.s. As shown in Fig. 2(b), when the
SCR decreases, and the active power reference is adjusted to
Pret new (dashed black line), the system can be stable at the new
equilibrium point c.

Thus, the key to maintaining stability following a significant
SCR drop is the rapid acquisition of grid impedance informa-
tion. However, as indicated in (6), without knowing the real-
time power angle, it is challenging to estimate Z, directly. To
address this, Section III presents the methodology for estimat-
ing grid impedance using local measurements during the SCR-
drop transient period.

I1l. QUASI-POWER CIRCLE FITTING-BASED GRID
IMPEDANCE ESTIMATION
A. Relationship Between Py and Q, Under Low SCR

As discussed, despite the rise in P, observed during the
transient in Fig. 2, the lack of real-time power angle complicates
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TABLE |
COMPARISON OF DIFFERENT GRID IMPEDANCE ESTIMATION METHODS
CEittei;gr? zft)i/o(r)lf References Techniques E];tliz?it(l)?ln Design Complexity  Estimation Error Suitable Scenarios
Active [8] Frequency sweeping <60 s Medium Low Steady state
[12], [15] Specific signal injection <0.06 s High Low—Medium Steady state
Quasi-passive [20], [21] Algebraic ~0.1-1s Low High PQ reference variations
[25], [26] Kalman filter <0.1s High Low—Medium Steady state
Passive [23] Algebraic ~03s High Medium Large PQ transient
Proposed Quasi-power circle fitting ~0.2's Medium Medium SCR drop transient
y SCR41008 by tripping Line 2 (10 mH) following the SCR reduction, offering additional insights along-
150 i P Pr=1 side the variations in P,. An enlarged subfigure in Fig. 3 illus-
s i fine_mec 7w trates that the transient can be divided into two stages. Stage
2 \ I features power oscillations, which can be regarded as elec-
£ 0sp ik:: tromagnetic transients; these power oscillations are stabilized
2 : . . .
g quickly due to the effective design of the GFM controller. In
g i stage II, power oscillations are negligible, and the stable change
051 i - . . .
- i Zoomedin ; of power output becomes the primary focus of this article. As
-1 i : : : : : ‘ ‘ the power angle gradually increases, the operating points can be
14 15 1.6 1.7 1.8 1.9 2.0 2.1 22 P gle s y p EP

Time (s)

Fig. 3. Transient waveforms of active power, reactive power, and mag-
nitude of PCC voltage when SCR decreases from 4 to 0.8.

deriving key system parameters. In addition to P,, reactive
power provides valuable insights, as a larger inductive grid
impedance demands higher reactive power. Considering the
inductive transmission line that X, > R,, the reactive power
equation can be simplified as

Uy(Ug — Us cos §)
Qg = X .
g

®)

In a strong grid, the power angle § remains small, and cos(d)
stays close to 1, making changes in voltage amplitude appear
more pronounced. However, under ultraweak grid conditions,
even if the voltage magnitude is stable, the APC significantly
increases ¢ due to the mismatch of active power, resulting in a
corresponding increase in Q. Meanwhile, the large variants in
P, and Q, imply information about the power grid parameters.

Using the parameters in Table | and a grid impedance R/X
ratio of 0.1, Fig. 3 illustrates the SCR drop transient waveforms
of Pg, Q,, and U, at PCC. Note that the current limitation is
disregarded here for clarity but is enabled in the subsequent
experimental validation. At 1.5 s, the SCR decreases from 4
to 0.8 (tripping line 2 which has a 10 mH inductor and leaving
only line 1 with a 40 mH inductor), causing the PCC voltage
magnitude U, (green curve in Fig. 3) to decrease slightly due
to the droop control (kp = 0.01 p.u.) and AVC bandwidth of
2.5 Hz [5]. However, PCC voltage U, is still considered stable.

The active power reference P (dashed black line) remains
constant, exceeding the maximum active power Pline_max (blue
dashed line) after the disturbance. Consequently, the converter
cannot achieve equilibrium for Py.¢, as discussed in Section [1-B.
The orange curve illustrates substantial fluctuations in Q,

regarded as semisteady states [7], and the expressions P, and
Q, follow (6) and (9). To maintain rigor, the full equation of
reactive power transfer between PCC and remote grid voltage
is given by
Uy Xy —UyUsRysiné — UyUs X5 cos §
R+ X3

Assuming that the postdisturbance grid impedance remains
constant but unknown, the power equations in (6) and (9) can be
reformulated using the parameter definitions in (12) to demon-
strate the symmetry between P, and Q, [2]

Pg:aUg—UgUs(acosé—ﬂsiné) (10)
ngﬂUnggUs(asinéJrﬂcosé) (11)

a=Ry/|Z4]%, B=Xg/|Z%, |Zy| =/ R+ X2. (12)

Note that parameters o and 3 are constant. However, the
power angle ¢ is hardly obtained in real-time operation. To
eliminate §, based on (10) and (11), the relationship between
P, and Q, can be further derived as

(Py — O‘Ug)z +(Qg — 6U92)2 = (UgU8/|ZgD2-

Qq €))

(13)

B. Grid Impedance Estimation Based on the Local
Measurements

From (13), if the voltage magnitudes U, and U, remain
constant, the trajectory of P, and Q, forms a perfect circle with
a center at (aUy, 3U7) and a radius of U,Uy/|Z,|. However,
during a transient event, the PCC voltage magnitude U, is not
perfectly constant, which causes variations in both the circle
center and radius. Specifically, the circle center coordinates are
proportional to U2, making them highly sensitive to voltage
fluctuations. To mitigate the quadratic dependency and account
for the unit, (13) is reformulated as

P,Z, > (QyZ P U\
92 _ oz, 9D 87, ) = . (14
(Ug “ ) *( vz ") =\gz,1) "
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T T
1.5r E
—— Pyyj-Oury tragectory
’;g 1.0 F —» Tragectory direction e
s
:; = Interested fragments
Si05+ |
Initial steady-state
oL operating point |
-1 0 1 2 3

P/rzy (p-u.)

Fig. 4. Trajectory of Py, versus Qs Wwhen SCR decreases from 4 to
0.8.

Equation (14) defines a circle, referred to as the quasi-
power circle C,,, with its center at (aZy, 5Z;) and a radius of
(ZyUI(U,l\Z,|). The circle center is determined by the true
grid impedance and remains fixed when the grid equivalent
impedance does not changed after the transient SCR drop.
Although the radius still depends on U,, its dependence remains
first order, so no additional error is introduced into the fitting
process. Therefore, the overall impact of U, variations on the
circle fitting is significantly reduced, improving the estimation
accuracy. Furthermore, to achieve normalization, (13) is scaled
by multiplying both sides by z7. By recording a sufficient num-
ber of quasi-power trajectory points of (Pyj, Qusj) as defined
in

-Plraj = Pga/Ug
Qtraj = Qga/Ug

The parameters of circle C,, can be obtained through an appro-
priate fitting algorithm. Using the data in Fig. 3, the trajectory of
(Ptraj> Ouaj)- labeled in black, is shown in Fig. 4. After the SCR
reduction disturbance, the operating point shifts from the initial
point of (1, 0) to around (0.4, 0) and continuous along the path
indicated by the purple arrows, delineated a circular pattern on
the plane, as described by (14). Note that the operating point ini-
tially deviates from the power circle due to significant variations
in the PCC voltage magnitude and subsequently shifts toward
the expected location as the voltage stabilizes. Therefore, by
fitting a circle to the prominent segment (illustrated by the red
curve in Fig. 4), the center of the circle, directly related to
the grid impedance, can be accurately estimated. Assuming the
center of circle Cyp (Xc_fit» Ye_sir), 18 fitted, the grid impedance
can be ultimately estimated using (14) as follows:

5)

Rg?esl = C5'::7ﬁth/*77§7ﬁt + y(z;fﬁt (16)
ngesl = ycfﬁth/xzfﬁt + ygﬁﬁt'

Therefore, precise quasi-power circle fitting is essential, as
will be demonstrated in Section [1I-C.

23 C. Quasi-Power Circle Fitting

The numerical equation for (14) can be derived through circle
fitting with real-time measurements of (P, Qi) based on the
following assumptions.

1) After an SCR reduction disturbance, the grid impedance

remains constant during the transient process.

2) The PCC voltage magnitude U, is steadily controlled
(though not necessarily at its rated value) while the grid
voltage magnitude U, remains stable during the transient.

3) The GFM controller is well tuned, providing effective
damping against the SCR reduction disturbance, ensuring
small-signal stability in the system.

Note that although a circle can theoretically be calculated
with three noncollinear points, noise in real systems degrades
measurements, so using multiple samples leads to a more pre-
cise fit. Additionally, as shown in Fig. 3, a sudden shift to
ultraweak grid conditions causes a rapid drop in P,, which
serves as an initial indicator of grid structural changes [11],
[23]. When the drop in P,, denoted AP,, exceeds a preset
threshold APy,, measurements are triggered, making the times-
tamp fy in Fig. 3. When the system enters stage I, noticeable
transient power oscillations occur, which should be monitored
until they subside. A method to determine the timestamp #;
involves comparing the measured (P, Qusj) With their sliding-
window averages. The sum of squared errors between pre- and
postfiltered (Pyj, Qi) values is computed

Errstagel = Z [(Rraj - Rrajfave)z + (eraj - Qtrajfave)z] (17)

where Pyj_ave and Qyaj_ave represent the sliding window filtered
values of Py,j and Qy,j, respectively. After Errgg,ger falls below a
preset threshold at timestamp ¢, the algorithm records a series
of (Pyaj, Ouwaj) points, referred to

Tk = Plraj(k)7 Yk = eraj(k) (18)
where the subscript k& denotes the kth recorded data point in the
time domain, with x; and y; forming a set of coordinates. Given

that n sets of coordinates are recorded, two matrices X and Y
can be constructed as follows:

21‘1 2y1 1 71‘% — y%
20 2 1 —3 — 43

X=1 . S Y = . (19)
an Zyn 1 nx3 _le - y721 nxl1

The relationship between matrices X and Y is given by

Y=X\+¢ (20)
where ) is a three-element column vector, [\;, A2, A3]7, con-
taining the parameters required for fitting the quasi-power cir-
cle, and ¢ represents the error term. To minimize the sum of
squared residuals ||¢||,, the least squares method can be applied.
Therefore, A can be estimated using
A =argmin |e]|; = (XTX)"(XTY). (21)
Based on the estimated ), the center of the circle Cy, can be
calculated as follows:

Te_fit = _Al (22)
Ye_fit = — 2.
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D. Further Refinement of Quasi-Power Circle Fitting
Implementation

1) Recursive Least Squares: Section [1I-C presents a clear
process of fitting quasi-power circle C,,, but it requires all
measurements, increasing online computational and memory
demands. To reduce this burden, the recursive least squares
(RLSs) method is employed [28]. This approach updates the
current fitting result using new measurements while retaining
some information from the previous data by adjusting the for-
getting factor A\pp. In addition, the RLS algorithm prioritizes
newly collected data. Hence, it is not necessary to pinpoint the
exact start time of stage II. Instead, incorporating an appropriate
time delay unit is a straightforward approach to bypass the
initial stage I. The RLS-based circle-fitting algorithm is directly
given by

Xk = [Zl‘k, Zyk, 1]
Y. = —xi — yi
Pr_1 X
Ky = >\FF+§(;?]P:—IXI¢
Mo =Moot 4+ K (Vi — X Aeo)

P, = (Po—1 — Kk X Po1)/Arr

(23)

where subscript k denotes the variables at the kth iteration; and
K; and Py are the kth correction matrix and covariance matrix,
respectively. For further details on the RLS algorithm, please
refer to [28].

2) Additional Information for Circle Fitting: Furthermore, Sec-
tion [1-B notes that the theoretical analysis of SCR reduction
transient neglects the effects of current limits and grid voltage
phase jumps. For instance, rapidly increasing reactive power
that pushes the current close to its limit, triggering current
saturation, may violate the second assumption in Section III-C,
which pertains to the stable control of the PCC voltage am-
plitude. The limited effective measurements of the arc with a
small central angle are not enough for an accurate circle fitting.
To increase the effective central angle of the measured arc and
expedite the fitting process, an additional virtual quasi-power
point (xo, yo) near the circle C, is also considered. When the
power angle is close to 0, i.e., Py, = 0, the corresponding xg
is 0, according to (18). It follows from (14) that

V() - ()
Uq |Z g9 |
Given that the grid impedance is primarily inductive (X, >
R,) and U, and Uy are close to the system’s nominal voltage,
Yo is approximately 0. Since this virtual point (0, 0) may not
lie precisely on the fitted circle, its weight factor «, within

the fitting can be suitably reduced. Compared with (23), the
algorithm differs, as shown

Xy

o = SCR -
| Zy|

(24)

P Xo

K —
g Arp /oy, + XT Py X

(25)

where Xy, = [0, O, 1], Yo, = 0.

=—39
1r NN 1
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= \ 0.0 0.1
~ 05f \, 1
= e Constraints on the fitted circle center
. . .
e Measured points (x;. v¢)
5% Real circle center
- @ - Fitted circle center
0+ ===== Fitted radius 3
L I 1 1 I
0 0.5 1 1.5 2
Py (pu.)

Fig. 5. Diagram of quasi-power circle fitting.

3) Constraints on the Fitting Circle Center: When using the
RLS algorithm with partial measurements in stage I, as men-
tioned in Section II1-D1, the fitted circle center may converge to
an incorrect position due to transient power oscillations in stage
I. Based on the physical interpretation of the true quasi-power
circle center of (14), (aZy, $Z;), where both coordinates are
positive, and the grid transmission line is typically inductive
(i.e., X; > R,), the estimated circle center is subject to the
following constraint:

Ye_est > Te_est > 0. (26)

Therefore, the fitting algorithm begins to check for conver-
gence only when the center of the fitted circle lies within the
constraint range.

4) Determine the Completion of the Circle Fitting: The quasi-
power circle fitting process is illustrated in Fig. 5, where the
red curve represents the collected measurements; the black lines
indicate the constraints on the fitted circle center; the purple star
denotes the true circle center from (14) and the green dots along
with the dashed line represent the trajectory of the fitted circle
centers (in the enlarged subfigure, the black arrow indicates the
direction of change for the fitted circle center). Although the
true circle center is unknown, it is evident that the fitted circle
center approaches the true center as more measurements are
collected. When the fitted circle center stabilizes at a certain po-
sition and no longer obviously changes with new measurements
input, the algorithm terminates the fitting process and provides
the grid impedance estimation based on (16). The convergence
of the circle fitting is indicated by the variance between the
newly fitted circle center (x._g[k], yc_s[k]) and the M previously
fitted centers, expressed as follows:

M

7 Dl nlk] =z nlk — )

i=1

+ (Ye_nelk] = yeulk —])°]-

Var,, =
(27)

When the real-time calculated variance of the fitted circle
center Var, is below the preset threshold Vary,, the circle-fitting
process is terminated. Note that the final fitted circle center may
not precisely align with the true center, resulting in a slight error
due to the nonideal constant PCC voltage magnitude.
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1.Detecting AP,

3. Wait for a preset 1dle period to
bypass Stage 1

7. Does circle center
satisfy (26)?

Yes

8. Calculate the convergence of the
circle fitting based on (27)

No

9. (27) < Vary?
Yes

10. Stop fitting, estimate the grid
impedance based on (16)

4. Measure the real time points
(Piraj Q) based on (15)

5. Apply RLS, as outlmed in (23) v
and (25), to tlt a circle C,p. [l 1. Obtain the new P, based on (28)]
6. Calculate the center of circle ] End
C,p using (22) J

Fig. 6. Flowchart of circle fitting-based grid impedance estimation and
New P, calculation.

E. New Active Power Reference Selection With
Estimated Grid Impedance

By combining (13) with the obtained grid impedance in (16)
and assuming a stable grid voltage amplitude of around 1 p.u.,
the maximum active power transfer capacity (Pline max) Of the
postdisturbance grid is calculated as follows:

Rg est

7[]2
Zg est* 7

(28)

P)lme_max |Z _eSl| —U,

To maintain a certain angle stability margin, 0.85 times
Piine_max can be selected as an example to be a new active power
reference for low SCR conditions. Note that (1) dynamically
ensures that the converter output current does not exceed 1
p-u., which is always enforced. Therefore, the final active power
reference, Pt 1im, introduced into APC also depends on P,;. It
is noted that the active power reference correction is particularly
effective when the postdisturbance SCR is lower than 1. Oth-
erwise, the calculated new active power setpoint would exceed
the inherent active power limiter P,; and the latter determines
the final active power reference. Fig. 6 provides a flowchart
summarizing the proposed circle-fitting-based grid impedance
estimation and subsequent P..f correction.

It is worth noting that the proposed method is triggered by
a drop in active power output. When the SCR recovers, the in-
crease in active power does not trigger the estimation algorithm.
Nevertheless, the converter can maintain synchronization since
the strong grid naturally provides a stable equilibrium operating
point. In such cases, nominal active power recovery can be
coordinated according to grid operator requirements and grid
codes.

F. Discussion on Method Applicability and Limitations

1) Adaptation to Nonideal Grid Source: The proposed quasi-
power circle fitting-based grid impedance estimation requires
only that the system meets the criteria listed in Section I[1I-C,
without the need for a constant grid frequency or continuous
grid phase angle. Since grid frequency changes mainly affect

Quasi-power circle Cy, §
Radius of 'y,
Unit circle (current limit) |

Radius of unit circle

Oy (p-u.)

Origin point

Circle centre

Intersection point

3 4

Ptraj (Pu)

Fig. 7. Geometric relationship between the quasi-power circle and the
unit circle representing 1 p.u. current limitation.

the relative angular speed difference between the GFM con-
verter and the grid, influencing the rate of power angle increase,
and grid phase angle jumps only alter the start point of the
circular movement, they do not affect the quasi-power trajectory
as the power angle grows. Thus, even during the SCR reduction
transient with dynamic grid frequency variations and phase
angle jumps, the method can still accurately estimate the grid
impedance.

Moreover, the proposed method remains applicable under
nonnominal grid voltage conditions due to the inherent property
of the quasi-power circle: its center depends solely on the grid
impedance and remains fixed regardless of voltage magnitude.
Therefore, as shown in (14), the circle radius varies with the
grid voltage, and the accurate estimation of the stable circle
center ensures reliable impedance calculation. However, since
the quasi-power circle no longer passes through the origin under
voltage deviations, the virtual operating point at (0, 0), which
is derived based on the assumption of nominal voltage, is ex-
cluded from the fitting process. The corresponding validation
is presented in Section [V-D.

2) Targeted Use in Low SCR Situations: The proposed grid
impedance estimation relies on variations in both P, and Q,.
However, when the postdisturbance SCR is relatively high,
changes in the P, injection have a minimal impact on Q, vari-
ants. Based on (14), when SCR is high, the radius of circle C,, is
much larger than the collected arc segment, resulting in a small
center angle. The SCR upper limit for this estimation method
can be determined based on the geometric relationship between
the fitted quasi-power circle and the rated current limitation
shown in Fig. 7, where the central angle is as follows:

27Ag_ﬁt -1

§ = arc cos >
2Tc_ﬁl

(29)
Assuming a minimal center angle of 30° (as an approximate
threshold to illustrate the applicability limit of this method), the
maximum estimated r,_es is around 1.93 [i.e., SCR ~ 1.93 ac-
cording to (6) and (14)]. However, due to PCC voltage stability
and measurement quality during the estimation, this theoretical
SCR upper limit may be slightly lower in practice.
Additionally, grid impedance estimation is generally not re-

quired when SCR is greater than 1, as converters can typically
maintain stable operation and inject full power without relying
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on it. Nevertheless, even in such strong grid conditions, grid
impedance estimation can still provide additional benefits, such
as enabling adaptive control strategies [9]. However, under ul-
traweak grid conditions (SCR < 1), accurate grid impedance
estimation becomes crucial. In this case, even a robust converter
design may still fail to maintain stable operation if no equilib-
rium exists. The proposed estimation method enables determin-
ing a correct new active power reference based on the actual grid
strength, which not only helps maintain synchronization but
also ensures that the available transmission capacity of the weak
grid is fully utilized without causing instability. The proposed
method is well suited for this scenario, further highlighting its
practical value and necessity.

3) Comparison, Extensions, and Future Work: To better illus-
trate the performance related to other existing methods, a com-
parison is provided in Table I. Active grid impedance estimation
methods using intrusive signal injections are typically faster and
more accurate but impose higher computational costs. Among
passive methods, Kalman filter-based observers offer rapid re-
sponse but require complex design and parameter tuning. The
transient measurement-based methods achieve slower estima-
tion with moderate accuracy. Quasi-passive methods generally
take longer and exhibit noticeable errors, as they only rely on
a few steady-state operating points.

Although the proposed method has an applicable SCR upper
limit, as discussed in Section [II-F2, it could be extended to a
wider SCR range if additional grid-side information is avail-
able. For instance, when the grid impedance ratio R/X = K
is known, the center of the quasi-power circle C,, lies on the
straight line y = 1/Kx. By exploiting the symmetry of C,, about
this line, the effective fitting center angle can be increased,
enabling the estimation algorithm to operate under higher SCR
conditions. However, because reactive power variation to the
power angle becomes limited in strong grids, the proposed
method remains best suited for weak grid conditions.

Furthermore, the proposed method is potentially applicable
to converters capable of maintaining stable PCC voltage and
is not strictly limited to grid-forming control. Nevertheless,
grid-forming converters are adopted here due to their superior
performance under very weak grid conditions. Extending the
method to scenarios with varying PCC voltage represents an
interesting direction for future research.

IV. VALIDATION AND COMPARISON

The proposed grid impedance estimation under ultraweak
grid conditions is tested in an experimental setup shown in
Fig. 8. The grid is emulated with a REGATRON four-quadrant
programmable AC power source. The grid SCR reductions are
completed by disconnecting one of two parallel impedances (for
instance, line 1 with a 40 mH inductor remains, and line 2 with
a 10 mH inductor is tripped). A two-level GFM converter is
controlled by the ds1006 platform of dSPACE. The DC side
of the converter is powered by an ideal DC source, while the
AC side connects to the grid impedance through an LC filter.
System and control parameters are specified in Table I.

Controllable AC
voltage source

Fig. 8. Photo of laboratory setup.

A. Instability With Constant Active Power Reference

Initially, the system operates with two parallel lines, and the
SCR is about 4. At t = 1.5 s, line 2 tripped, resulting in the
SCR dropping to 0.8. Three-phase PCC voltage and converter
output current are plotted in Fig. 9(a) and (b), respectively, with
enlarged views highlighting the transient waveforms during the
early stage of the disturbance. Thanks to the well-damped GFM
control, the PCC voltage magnitude remains stable despite large
SCR variations. The increased grid impedance causes reduc-
tions in the output current and active power injection Pg, as
shown in Fig. 9. The difference between P, and its limited
reference Pre jim prompts the APC controller to accelerate the
converter frequency, as seen in the frequency curve in Fig. 9(d).
As the power angle increases, both P, and Q, in Fig. 9(c) exhibit
a similar upward trend as depicted in Fig. 3. Different from the
simulation results shown in Fig. 3, an effective current limiting
is implemented in the experiments, the constant P (equals 1
p.u.) is limited by (1), resulting in the dynamic limited Pref_jim
(curve in green) in Fig. 9(c). When Pyt jim 1S below 0.5, Pt
is set to O [5]. Despite Pyt being constrained, the system still
exhibits transient instability following a significant SCR drop.
Therefore, during the transient period, it is essential to promptly
obtain a correct new active power reference Pref pew. It is worth
noting that the PCC voltage magnitude remains stable during
the early transient, e.g., 1.5-1.9 s in Fig. 9(a), which meets the
requirement of the proposed grid impedance estimation listed
in Section [1I-C.

B. Grid Impedance Estimation Assisted Operation

Under the same disturbance condition, where the SCR drops
to 0.8, the corresponding validation of grid impedance estima-
tion is presented in Fig. 10. Unlike in Fig. 9, the estimation
algorithm starts running following the process outlined in Fig. 6
after detecting the disturbance by monitoring the P, drop with a
preset threshold APy, = 0.1 p.u. As the power angle increases,
more points (Pyyj, Ouryj) are measured, and the fitting circle cen-
ter gradually converges to a constant, as depicted in Fig. 10(e).
Based on (20), the grid impedance is estimated to be (0.95 +
j12.97) 2, which closely matches the actual value of the applied
40 mH inductor. It can be observed that the estimation takes
only around 0.2 s to produce an accurate result, demonstrating
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Fig. 9. Experimental unstable transient after a large SCR drop: (a)
three-phase PCC voltage; (b) three-phase converter current; (c) limited
active power reference, active and reactive power; and (d) frequency of
GFM converter and the grid.
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Fig. 10. Experimental results of grid-impedance estimation and stable
transient after a large SCR drop: (a) three-phase PCC voltage; (b) three-
phase converter current; (c) limited active power reference, active and
reactive power; (d) frequency of GFM converter and the grid; (e) fitted
circle center; and (f) actual and estimated grid impedance.

excellent performance. Based on (28), Pjipe_max is 0.806 p.u.,
shown as a black dashed line in Fig. 10(c). To maintain stability,
the new active power reference, Pret pew, 1S selected as 0.85 x
Piine_max and updated at 1.7 s, as indicated by the green curve
in Fig. 10(c). Corresponding to the newly calculated Pref new,
the system reaches a new steady-state point after the transient

SCR 4 to 0.8 by tripping Line 2 (10 mH)
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Fig. 11.  Experimental results of grid-impedance estimation and stable

transient after a large SCR drop with varying grid frequency and phase
jump: (a) magnitudes of PCC voltage and converter current; (b) limited
active power reference, active and reactive power; (c) frequency of GFM
converter and the grid; (d) grid voltage phase jump; (e) fitted circle center;
and (f) actual and estimated grid impedance.

process, at around 4.4 s. This moment is marked as the end of
the stabilization.

On the other hand, to demonstrate the effectiveness of the
proposed estimation method under nonideal grid conditions, the
validation with a varying grid frequency and a power angle
phase jump AJ is conducted. The grid frequency variation is
implemented based on the active power fluctuation. When the
grid source detects a power disturbance, a voltage phase shift of
—30° is applied to create a AJd. The obtained results are shown
in Fig. 11

Grid SCR still drops at 1.5 s. Due to the active power change
in the system, grid frequency varies, plotted as the black curve
in Fig. 11(c). The added grid voltage phase shift is shown
in Fig. 11(d), where the power angle jumps at 1.5 s. After a
short period, the fitted circle center in Fig. 11(e) converges to
a constant, and the corresponding grid impedance estimation
is computed as shown in Fig. 11(f), which perfectly aligns
with the real grid impedance value. Then, by adjusting the
corrected new active power reference, the system ultimately
maintains synchronization after a transient process, at around
4.85 s, which is marked as the end of the transient. In addition,
the undesirable reverse active power phenomenon peaks at 0.77
p-u. of absorbed power in Fig. |11 and relatively slow dynamic
responses both in Figs. 10 and | 1, indicating that merely adjust-
ing the active power setpoint is insufficient to ensure smooth
transients under severe grid conditions. To effectively mitigate
this issue, further enhancement of the GFM controller, such
as adaptive APC, is necessary. While this article focuses on
the proposed grid impedance estimation method, future work
will systematically investigate advanced GFM control strategies
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Fig. 12.  Simulation results of grid-impedance estimation applying the
proposed method under very low SCR conditions: (a) magnitudes of
PCC voltage and converter current; (b) limited active power reference,
active and reactive power; (c) frequency of GFM converter and the grid;
and (d) actual and estimated grid impedance.

that incorporate knowledge of the grid impedance estimation to
improve dynamic performance and stability.

To assess the effectiveness of the proposed method, an ex-
treme condition of a reduction of SCR down to 0.65 is consid-
ered here, and the corresponding case study results are summa-
rized in Fig. 12. With such a low SCR, no stable equilibrium
point exists without adjusting the active power reference Ppes.
The proposed method accurately estimates the grid impedance
as (1.22 + j15.16) Q and reduces Py accordingly, thereby
maintaining synchronization.

C. Grid Impedance Estimation Under Varying R/X Ratio

To further validate the effectiveness of the proposed grid
impedance estimation method under different grid R/X ratios,
a comparison case study with R/X = 0.2 is conducted using
the simulation model and the same system parameters listed in
Table I. The corresponding estimation results are presented in
Fig. 13. The grid SCR drops to 0.8 at 1.5 s, resulting in an actual
postdisturbance grid impedance of (2.45 + j12.25) Q). After a
short period of fitting process, the circle center converges to
(0.154, 0.783), leading to an estimated grid impedance (2.42
+ j12.3) Q, which closely matches the actual value with high
accuracy.

D. Adaptation to Changed Grid Voltage

As discussed in Section III-F, the proposed method remains
applicable even when the grid voltage is nonnominal during
an SCR drop event. To validate this, simulation is conducted
under such conditions, and the results are shown in Fig. 14. At
1.5 s, SCR drops to 0.8, accompanied by a grid voltage dip to
0.75 p.u. After the circle fitting process, the algorithm yields
a stable output, with a fitted circle center of (0.11, 0.77) and a
radius of 0.57. Based on the quasi-power circle fitting results,
the estimated grid impedance is (1.87 + j12.75) €, and new

Fig. 13. Simulation results of grid-impedance estimation with grid
impedance ratio R/X = 0.2: (a) magnitudes of PCC voltage and converter
current; (b) limited active power reference, active and reactive power; (c)
fitted circle center; and (d) actual and estimated grid impedance.
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Fig. 14. Simulation results of grid-impedance estimation during a large
SCR drop with a grid voltage dip to 0.75 p.u.: (a) magnitudes of PCC
voltage, grid voltage, and converter current; (b) limited active power
reference, active and reactive power; (c) fitted circle center and radius;
and (d) actual and estimated grid impedance.

active power reference is determined to 0.57 p.u., ultimately
ensuring stable system operation.

E. Comparison With Existing Method

Using the parameters listed in Table II and under the same
disturbance of an SCR drop to 0.7, a comparison is made
between the method presented in [7] and the proposed method.
The results are shown in Figs. 15 and 16, respectively. At 1.5
s, the SCR drop occurs. The method in [7], which is based
on the maximum active power detection, completes the grid
impedance estimation at 1.89 s. However, even when the active
power reference is updated using the same adjustment rule
(Pref new = 0.85 X Pline_max), the system still loses synchro-
nization due to the limited angle stability margin. To maintain
synchronization in this case, Pref new must be set even lower.
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TABLE Il
SYSTEM AND CONTROL PARAMETERS

Items SI Items SI
Rated Power Spqeq 1 kVA | Filter capacitance Cg, 30 uF
Line voltage Urated 100 V L, (SCR = 4) 8 mH
Line frequency f, 50 Hz L, (SCR = 0.8) 40 mH
DC voltage Upc 300 V R/X ratio 0.1
Rated current pyeq 10 A Forgetting factor Apr 0.99
Filter inductance Ly 5 mH Weight fact o, 0.2

;" SCR 410 0.7 (Weak grid inductance =45 mH)

2 IH—U
: — 1L_/
> oL ‘
s 1q— Ij ref lim
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205F g
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o 50
~ L L L 1 1 Il
20 T T T T T :
8. Fws====- N A= é?(ym,/ L
= 10r (f:‘l‘f/llig;) Estimated Z, = (1.54+/13.88) Q iC)
h 0'!"T'"""f”?"".”‘T*_, —
0.5 1 1.5 2 2.5 3 35 4 45
Time (s)

Fig. 15.  Simulation results of grid-impedance estimation applying the
method in [7]: (a) magnitudes of PCC voltage and converter current; (b)
limited active power reference, active and reactive power; (c) frequency
of GFM converter and the grid; and (d) actual and estimated grid
impedance.

In contrast, the proposed method completes accurate esti-
mation earlier, at 1.75 s. The active power reference is also
adjusted to 0.85 X Pjine_max, yet the system remains stable. This
improvement is due to the estimation being finalized before the
operating point reaches the active power peak, providing more
deceleration space to maintain synchronization. The proposed
method offers faster, more accurate estimation and improved
stability, demonstrating its practical value and necessity.

F. Converter Operation After SCR Recovery

To evaluate the converter’s performance when the tripped
transmission line is reconnected after a short fault, a corre-
sponding simulation is conducted, and the results are plotted
in Fig. 17. The SCR drops at 1.5 s and restores at 1.8 s. Grid
impedance estimation is completed at 1.72 s, updating the active
power reference to 0.67 p.u. When the grid strength suddenly
recovers, the converter current protection is triggered due to
the relatively large power angle between PCC and the grid
caused by the previous converter acceleration. After a brief
resynchronization process, the converter reaches a steady state
at around 3.3 s with reduced active power injection. Although
the grid strength has been restored, maintaining synchronization
is prioritized over immediately restoring nominal power output.
Therefore, a gradual increase in active power delivery is recom-
mended, following the grid operator’s requirements. Assuming

‘*SCR 4 to 0.7 (Weak grid inductance = 45 mH)
s Nz 17 @
= a
; e ]L/
O C L 1 |
= Updated t0 Pref ey = 0.61 pu. at 1.75s ——
= l"—?wj;/mz - 11
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™ 0_!__\; ______ e
0.5 1 1.5 2 2.5 3 35 4 4.5
Time (s)

Fig. 16.  Simulation results of grid-impedance estimation applying the
proposed method: (a) magnitudes of PCC voltage and converter cur-
rent; (b) limited active power reference, active and reactive power; (c)
frequency of GFM converter and the grid; and (d) actual and estimated
grid impedance.

Adjust Py, based on grid

impedance estimation (t=1.72 s) Increase Py, following the

SCR 4 to 0.8+ — SCR recovery operator’s command (t =4 s)
(t=1.5's) (t=18s)
R ]
£ L/ (@
= — U, — Iy
= : : —
’; 1 § /\& =0.67 p.u. — — J
g 0 n\:l/ Rated power injection (b)
g | . [— Prpin—Pe — O |
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Fig. 17.  Simulation results of grid-impedance estimation applying the
proposed method during a short period SCR drop transient (0.3 s): (a)
magnitudes of PCC voltage and converter current; (b) limited active
power reference, active and reactive power; (c) frequency of GFM
converter and the grid; and (d) actual and estimated grid impedance.

the grid operator issues a power ramp command at 4 s, the active
power reference increases smoothly to nominal level, and by
5.2 s, the converter achieves steady-state operation with rated
power delivery.

V. CONCLUSION

This article introduces an easily implemented passive grid
impedance estimation method that relies solely on local mea-
surements from a connected grid-forming (GFM) converter op-
erating under ultraweak grid conditions. The proposed method
determines both grid inductances and resistances by utilizing a
fixed-centerd quasi-power circle, which effectively captures the
natural relationship between active and reactive power changes
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at the PCC during transient events, regardless of grid frequency
fluctuations. Furthermore, the constraints derived from the in-
herent physical characteristics of the power grid are integrated
into the recursive least square (RLS)-based estimation algo-
rithm to enhance the speed of the estimation process. The results
of this estimation allow precise adjustments to the active power
reference, enabling the GFM converter to maintain synchro-
nization and continue injecting available power into the grid.
Experimental validation confirms the method’s reliability and
accuracy.
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