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Grid Impedance Estimation During Large SCR
Drop Events With Grid-Forming Converters
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Abstract—Grid-connected converters face significant1

synchronization challenges when suddenly exposed2

to ultraweak grid conditions, primarily due to the large3

and unknown grid impedance. This article proposes a4

passive method for efficiently estimating grid impedance5

during large short-circuit ratio (SCR) drop disturbances.6

The proposed method relies solely on local real-time7

measurements—specifically, voltage magnitude, active8

power, and reactive power at the point of common coupling9

(PCC)—to estimate fundamental grid impedance during10

transients. By leveraging the superior voltage control11

capability of grid-forming (GFM) converters, PCC voltage12

magnitude remains stable throughout the estimation13

process, thereby satisfying a requirement of the proposed14

approach. Furthermore, this method is inherently robust15

to grid frequency variations and phase angle jumps,16

further enhancing its practical applicability. With efficient17

impedance estimation, the converter can promptly adjust18

its active power reference to maintain synchronization. The19

effectiveness of this method has been validated through20

experimental results.21

Index Terms—Grid-forming (GFM) converter, grid22

impedance estimation, short-circuit ratio, ultraweak grid.23

I. INTRODUCTION24

GRID-FORMING (GFM) control is a progressive al-25

ternative to conventional grid-following control in the26

operation of grid-connected converters, functioning as a cru-27

cial interface for diverse renewable energy sources [1]. This28
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control approach provides notable benefits, particularly in terms 29

of enhancing stability in weak grid conditions [2], [3] and 30

providing robust support voltage and frequency amidst grid 31

voltage dips [4] and frequency disturbances [5]. Generally, the 32

fault ride-through control strategies are based on the premise 33

that the transmission line can handle sufficient power transfer 34

[6]. However, during disturbances that cause significant drops 35

in short-circuit ratio (SCR), such as the disconnection of a 36

major transmission line, the available power transfer capacity 37

may fall below the active power output command set for the 38

GFM converter before the disturbance. This situation can lead 39

to an active power mismatch that threatens synchronization 40

[7]. To accurately establish the new active power output, it is 41

crucial to evaluate the power transfer capacity of the remaining 42

transmission lines, which requires knowing the grid impedance 43

following the disturbance. 44

To acquire real-time grid impedance information, three pri- 45

mary methods have been developed: active, quasi-passive, and 46

passive estimation [8]. The first category involves the active 47

injection of various nonfundamental frequency signals, such 48

as low-frequency signal [9], [10], high-frequency signal [11], 49

impulse signal [12], triangular-signal [13], pulsed-signal [14], 50

[15], and pseudorandom binary sequence (PRBS) [16], [17], 51

into the grid by the connected converters. The grid impedance 52

is then estimated by analyzing the system’s response to these 53

injections. For instance, the estimation method presented in [9] 54

and [10] utilizes a 75 Hz inter-harmonic current injection, which 55

is subsequently analyzed using a fast Fourier transform (FFT) 56

to assess the grid impedance. Similarly, a 630 Hz signal is used 57

with a lower impact on the fundamental signals [11]. Apart from 58

FFT, Alves et al. [11] employ wavelet transform (WT) for data 59

analysis, offering a shorter processing time [19]. Mohammed 60

and Ciobotaru [13] introduce two triangular pulses along the d- 61

and q-axis, applying complex curve fitting to derive a wideband 62

grid impedance and evaluate the system stability. Another wide- 63

band impedance estimation, achieved by pulse-train injection as 64

described in [15], is suitable for both balanced and unbalanced 65

grid conditions. However, it significantly degrades the output 66

waveform quality during the estimation period. Compared with 67

other kinds of active injection, the PRBS injection utilized in 68

[16] produces less distortion at the converter output due to its 69

digital approximation of white noise. However, this method 70

tends to have a slower estimation speed and higher implemen- 71

tation complexity [18]. While active impedance estimation can 72

© 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-73

tional frequency components introduced may degrade power74

quality and conflict with the grid codes [5]. Additionally, while75

active estimations are effective in steady-state conditions, their76

validation under large transient events remains to be explored.77

In the second category, quasi-passive grid impedance estima-78

tion is achieved by actively introducing variations in the con-79

verter’s active and reactive power references without the need80

for nonfundamental frequency signal injection. By performing81

multiple measurements at distinct operating points under stable82

grid conditions, such as two [20] or three steady-state operating83

points [21], the grid impedance is estimated by monitoring the84

PCC voltage. However, this approach requires several steady-85

state operating points for each estimation, making it challenging86

to implement during the SCR disturbances. Using continuous87

power pulses, Fantino et al. [22] proposed an observer that mon-88

itors the variables of the LCL filter to derive grid impedance,89

resulting in a THD of up to 5.1%. As an alternative, large90

PQ step responses can be used to perform fundamental grid91

impedance estimation during the power-tracking process of92

GFM converters [23]. However, this approach presupposes a93

stable grid frequency and ideal conditions without noise in the94

simulation verification. Conversely, in [24], Fang et al. proposed95

leveraging angle variations in the GFM controller to represent96

real power angle changes, allowing for impedance estimation97

with minimal PQ variations. However, this method assumes that98

the grid frequency is fixed without phase jumps, which may be99

challenging to apply in real-world conditions.100

In the third category, the grid impedance estimation can be101

achieved by normal steady-state operation or natural system dis-102

turbances. Hence, this category can be further divided into two103

subsets, one of which is pure passive methods. Kalman filter-104

based observers are adopted to estimate the grid impedance105

without extra signal injection or changing operating points [25],106

[26]. However, tuning the parameters of the Kalman filter can be107

challenging [25]. Furthermore, the accuracy of the estimation108

is significantly affected by the grid conditions [26]. In the other109

subset, article [27] addresses scenarios involving a drop in grid110

SCR by employing a concept similar to that in [24]. When111

the estimated SCR falls below a certain threshold, the GFM112

controller is switched from PQ to PV mode to maintain stability.113

Nonetheless, this method is still based on a fixed grid frequency114

condition and only considers a minimum SCR of 1.5. Pepper115

and Campos-Gaona [7] investigated the ultraweak grid con-116

ditions and proposed a grid impedance estimation method by117

detecting the maximum active power operating point. However,118

this estimation carries a risk of instability, and despite vali-119

dation through simulations, it remains unsuitable for practical120

applications.121

Most existing estimation methods are developed for rela-122

tively strong grid conditions. However, in practice, the grid may123

experience a drastic SCR drop below 1, leading to the loss of124

the stable equilibrium point. The resulting mismatch between125

the reduced grid transfer capability and converter’s preset set-126

points can further cause loss of synchronization. To prevent this,127

the converter’s active power setpoint must be promptly con-128

strained, with limitation determined by the postdisturbance grid129

impedance. Nevertheless, an estimation method that remains 130

effective during such severe SCR-drop transients is still lacking. 131

Motivated by this gap, this article proposes a robust grid 132

impedance estimation method applicable during large SCR drop 133

transients, relying solely on local measurements of real-time 134

PCC voltage and output power. The proposed approach lever- 135

ages the characteristic PQ trajectory, which inherently reflects 136

the dynamic power transfer limits of the remaining transmission 137

line. Moreover, the method remains effective under varying 138

grid frequency and phase jumps, demonstrating strong practical 139

applicability. The proposed approach is experimentally vali- 140

dated. The main contributions to this article are summarized 141

as follows. 142

1) This article addresses grid impedance estimation during 143

large SCR drops by introducing a simple and easily im- 144

plementable passive approach that relies solely on local 145

measurements. The method remains effective even un- 146

der challenging grid conditions, including grid frequency 147

variations and phase jumps. 148

2) With fast online grid impedance estimation, the ac- 149

tive power reference of the GFM converter can be 150

rapidly adjusted to maintain stability and prevent loss of 151

synchronization. 152

II. FUNDAMENTALS 153

A. Basic GFM Control 154

To operate a GFM converter as a reliable voltage source 155

behind an output inductor, this work adopts the virtual ad- 156

mittance (VA)-based GFM controller as described in [2] with 157

the implementation depicted in Fig. 1. Measurements of active 158

power (Pg), reactive power (Qg), and PCC voltage (ug) are fed 159

into active power control (APC) loop and AC voltage control 160

(AVC) modules and then generate the virtual-back EMF voltage 161

uEMF. APC has an active power reference limiter generating an 162

upper limit of Pg, denoted as Pul 163

Pul =
√

S2
avail −Q2

g (1)

where Savail = SratedUg/Urated. Ug is the PCC voltage magnitude. 164

Srated and Urated denote the nominal values of converter power 165

and voltage, respectively, and are used as the base values for 166

normalization. The limited active power reference Pref_lim is 167

obtained by passing the preset Pref through the limiter. The 168

angle reference θEMF for uEMF is derived based on 169

θEMF =
1
s

[
(Pref_lim − Pg)

(
Kp +

Ki

s

)
−RaPg + ωrated

]

(2)

where Kp and Ki are the PI values of APC, Ra is an active- 170

damping term, and ωrated is the nominal angular speed. To 171

generate the magnitude reference of uEMF, the control law for 172

the AVC, referring to [5], is utilized with a single integrator 173

UEMF = Urated +
KiV

s
(Uref − Ug − kDQg) (3)
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Fig. 1. Diagram of grid-forming converter with its control structure.

where KiV and kD are the integral gain and the droop constant174

of AVC, respectively. In addition, to prevent overcurrent, UEMF175

is constrained by the upper and lower limits, given as176

Uul =

∣∣∣∣ug + conj

[(
Pul + j

√
S2

avail − P 2
ul

)
/ug

]
(Rv + jXv)

∣∣∣∣
(4)

Ull =

∣∣∣∣ug + conj

[(
Pul − j

√
S2

avail − P 2
ul

)
/ug

]
(Rv + jXv)

∣∣∣∣
(5)

where Rv + jXv is derived from preset VA. The bold ug de-177

notes the vector expression of the PCC voltage. The VA-based178

current control module generates the converter output voltage179

reference for the PWM module. For more details on the GFM180

implementation, please refer to [5].181

B. Loss of Synchronization With an Ultraweak Grid182

To ensure stable GFM converter operation with full active183

power injection, the grid line transmission capability, Pline_max,184

must exceed the converter’s rated power. With grid equivalent185

impedance (Zg = Rg + jXg), the Pg can be represented as186

Pg =
U 2
gRg − UgUsRg cos δ + UgUsXg sin δ

R2
g +X2

g

. (6)

From (6), assuming Ug and Us are close to 1 p.u. and ne-187

glecting Rg, Pline_max (approximately 1/Xg) is achieved when188

the power angle δ = (θg − θs) = π/2. To describe the ultraweak189

grid condition, the definition of short-circuit ratio SCR is given190

SCR =
1

Zg_pu
=

1√
R2

g +X2
g/Zb

(7)

where Zg_pu is the grid impedance in per-unit. The base191

impedance Zb is defined as U 2
rated/Srated. When a main trans-192

mission line trips unexpectedly, the SCR dramatically drops to193

a low value, potentially falling below the converter’s nominal194

power, which may lead to a loss of synchronization. To illus-195

trate this phenomenon, the P-δ curves with different SCRs are196

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

depicted in Fig. 2(a). The blue and red curves represent the P-δ 197

curve with an SCR of 2 and 0.8, respectively. When SCR = 2, 198

the Pline_max exceeds 1 p.u. Thus, the system can operate stably 199

at the equilibrium operating point a. When the SCR drops to 200

0.8, the operating point shifts from point a to point b. Since the 201

new Pline_max_new is lower than the unchanged Pref = 1, there is 202

no equivalent point. The APC will continuously accelerate the 203

frequency of uEMF, ultimately resulting in a loss of synchroniza- 204

tion. While the adaptive VA can enhance current limitations or 205

transient performance [30], it does not affect the existence of 206

stable equilibrium points under very weak grids. Therefore, a 207

well-tuned constant VA providing sufficient damping is adopted 208

in this work. 209

C. A Common Solution to Maintain Synchronization 210

While reducing active power injection to zero may tem- 211

porarily maintain synchronization, it undermines the original 212

goal of delivering available active power to prevent signifi- 213

cant imbalances between power supply and demand. A better 214

option is to determine a reasonably large active power refer- 215

ence while ensuring the angle stability [2]. To achieve this, the 216

GFM controller must promptly complete the estimation of grid 217

impedance and adjust its Pref. As shown in Fig. 2(b), when the 218

SCR decreases, and the active power reference is adjusted to 219

Pref_new (dashed black line), the system can be stable at the new 220

equilibrium point c. 221

Thus, the key to maintaining stability following a significant 222

SCR drop is the rapid acquisition of grid impedance informa- 223

tion. However, as indicated in (6), without knowing the real- 224

time power angle, it is challenging to estimate Zg directly. To 225

address this, Section III presents the methodology for estimat- 226

ing grid impedance using local measurements during the SCR- 227

drop transient period. 228

III. QUASI-POWER CIRCLE FITTING-BASED GRID 229

IMPEDANCE ESTIMATION 230

A. Relationship Between Pg and Qg Under Low SCR 231

As discussed, despite the rise in Pg observed during the 232

transient in Fig. 2, the lack of real-time power angle complicates 233
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TABLE I
COMPARISON OF DIFFERENT GRID IMPEDANCE ESTIMATION METHODS

Category of
Estimation References Techniques

Estimation
Duration 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 ∼0.1–1 s Low High PQ reference variations

Passive
[25], [26] Kalman filter <0.1 s High Low–Medium Steady state

[23] Algebraic ∼0.3 s High Medium Large PQ transient
Proposed Quasi-power circle fitting ∼0.2 s Medium Medium SCR drop transient

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 Pg, reactive234

power provides valuable insights, as a larger inductive grid235

impedance demands higher reactive power. Considering the236

inductive transmission line that Xg � Rg, the reactive power237

equation can be simplified as238

Qg =
Ug(Ug − Us cos δ)

Xg
. (8)

In a strong grid, the power angle δ remains small, and cos(δ)239

stays close to 1, making changes in voltage amplitude appear240

more pronounced. However, under ultraweak grid conditions,241

even if the voltage magnitude is stable, the APC significantly242

increases δ due to the mismatch of active power, resulting in a243

corresponding increase in Qg. Meanwhile, the large variants in244

Pg and Qg imply information about the power grid parameters.245

Using the parameters in Table I and a grid impedance R/X246

ratio of 0.1, Fig. 3 illustrates the SCR drop transient waveforms247

of Pg, Qg, and Ug at PCC. Note that the current limitation is248

disregarded here for clarity but is enabled in the subsequent249

experimental validation. At 1.5 s, the SCR decreases from 4250

to 0.8 (tripping line 2 which has a 10 mH inductor and leaving251

only line 1 with a 40 mH inductor), causing the PCC voltage252

magnitude Ug (green curve in Fig. 3) to decrease slightly due253

to the droop control (kD = 0.01 p.u.) and AVC bandwidth of254

2.5 Hz [5]. However, PCC voltage Ug is still considered stable.255

The active power reference Pref (dashed black line) remains256

constant, exceeding the maximum active power Pline_max (blue257

dashed line) after the disturbance. Consequently, the converter258

cannot achieve equilibrium for Pref, as discussed in Section II-B.259

The orange curve illustrates substantial fluctuations in Qg260

following the SCR reduction, offering additional insights along- 261

side the variations in Pg. An enlarged subfigure in Fig. 3 illus- 262

trates that the transient can be divided into two stages. Stage 263

I features power oscillations, which can be regarded as elec- 264

tromagnetic transients; these power oscillations are stabilized 265

quickly due to the effective design of the GFM controller. In 266

stage II, power oscillations are negligible, and the stable change 267

of power output becomes the primary focus of this article. As 268

the power angle gradually increases, the operating points can be 269

regarded as semisteady states [7], and the expressions Pg and 270

Qg follow (6) and (9). To maintain rigor, the full equation of 271

reactive power transfer between PCC and remote grid voltage 272

is given by 273

Qg =
U 2
gXg − UgUsRg sin δ − UgUsXg cos δ

R2
g +X2

g

. (9)

Assuming that the postdisturbance grid impedance remains 274

constant but unknown, the power equations in (6) and (9) can be 275

reformulated using the parameter definitions in (12) to demon- 276

strate the symmetry between Pg and Qg [2] 277

Pg = αU 2
g − UgUs(α cos δ − β sin δ) (10)

Qg = βU 2
g − UgUs(α sin δ + β cos δ) (11)

α=Rg/|Zg|2, β =Xg/|Zg|2, |Zg|=
√

R2
g +X2

g . (12)

Note that parameters α and β are constant. However, the 278

power angle δ is hardly obtained in real-time operation. To 279

eliminate δ, based on (10) and (11), the relationship between 280

Pg and Qg can be further derived as 281

(Pg − αU 2
g )

2 + (Qg − βU 2
g )

2 = (UgUs/|Zg|)2. (13)

B. Grid Impedance Estimation Based on the Local 282

Measurements 283

From (13), if the voltage magnitudes Ug and Us remain 284

constant, the trajectory of Pg and Qg forms a perfect circle with 285

a center at (αU 2
g , βU

2
g ) and a radius of UgUs/|Zg|. However, 286

during a transient event, the PCC voltage magnitude Ug is not 287

perfectly constant, which causes variations in both the circle 288

center and radius. Specifically, the circle center coordinates are 289

proportional to U 2
g , making them highly sensitive to voltage 290

fluctuations. To mitigate the quadratic dependency and account 291

for the unit, (13) is reformulated as 292

(
PgZb

U 2
g

− αZb

)2

+

(
QgZb

U 2
g

− βZb

)2

=

(
UsZb

Ug|Zg|

)2

. (14)
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Fig. 4. Trajectory of Ptraj versus Qtraj when SCR decreases from 4 to
0.8.

Equation (14) defines a circle, referred to as the quasi-293

power circle Cqp, with its center at (αZb, βZb) and a radius of294

(ZbUs)/(Ug/|Zg|). The circle center is determined by the true295

grid impedance and remains fixed when the grid equivalent296

impedance does not changed after the transient SCR drop.297

Although the radius still depends on Ug, its dependence remains298

first order, so no additional error is introduced into the fitting299

process. Therefore, the overall impact of Ug variations on the300

circle fitting is significantly reduced, improving the estimation301

accuracy. Furthermore, to achieve normalization, (13) is scaled302

by multiplying both sides by z2
b . By recording a sufficient num-303

ber of quasi-power trajectory points of (Ptraj, Qtraj) as defined304

in305 {
Ptraj = PgZb/U

2
g

Qtraj =QgZb/U
2
g .

(15)

The parameters of circle Cqp can be obtained through an appro-306

priate fitting algorithm. Using the data in Fig. 3, the trajectory of307

(Ptraj, Qtraj), labeled in black, is shown in Fig. 4. After the SCR308

reduction disturbance, the operating point shifts from the initial309

point of (1, 0) to around (0.4, 0) and continuous along the path310

indicated by the purple arrows, delineated a circular pattern on311

the plane, as described by (14). Note that the operating point ini-312

tially deviates from the power circle due to significant variations313

in the PCC voltage magnitude and subsequently shifts toward314

the expected location as the voltage stabilizes. Therefore, by315

fitting a circle to the prominent segment (illustrated by the red316

curve in Fig. 4), the center of the circle, directly related to317

the grid impedance, can be accurately estimated. Assuming the318

center of circle Cqp (xc_fit, yc_fit), is fitted, the grid impedance319

can be ultimately estimated using (14) as follows:320 {
Rg_est = xc_fitZb/x

2
c_fit + y2

c_fit

Xg_est = yc_fitZb/x
2
c_fit + y2

c_fit.
(16)

Therefore, precise quasi-power circle fitting is essential, as321

will be demonstrated in Section III-C.322

C. Quasi-Power Circle Fitting323

The numerical equation for (14) can be derived through circle324

fitting with real-time measurements of (Ptraj, Qtraj) based on the325

following assumptions.326

1) After an SCR reduction disturbance, the grid impedance327

remains constant during the transient process.328

2) The PCC voltage magnitude Ug is steadily controlled 329

(though not necessarily at its rated value) while the grid 330

voltage magnitude Us remains stable during the transient. 331

3) The GFM controller is well tuned, providing effective 332

damping against the SCR reduction disturbance, ensuring 333

small-signal stability in the system. 334

Note that although a circle can theoretically be calculated 335

with three noncollinear points, noise in real systems degrades 336

measurements, so using multiple samples leads to a more pre- 337

cise fit. Additionally, as shown in Fig. 3, a sudden shift to 338

ultraweak grid conditions causes a rapid drop in Pg, which 339

serves as an initial indicator of grid structural changes [11], 340

[23]. When the drop in Pg, denoted ΔPg, exceeds a preset 341

threshold ΔPth, measurements are triggered, making the times- 342

tamp t0 in Fig. 3. When the system enters stage I, noticeable 343

transient power oscillations occur, which should be monitored 344

until they subside. A method to determine the timestamp t1 345

involves comparing the measured (Ptraj, Qtraj) with their sliding- 346

window averages. The sum of squared errors between pre- and 347

postfiltered (Ptraj, Qtraj) values is computed 348

ErrstageI =
∑[

(Ptraj − Ptraj_ave)
2 + (Qtraj −Qtraj_ave)

2
]

(17)

where Ptraj_ave and Qtraj_ave represent the sliding window filtered 349

values of Ptraj and Qtraj, respectively. After ErrStageI falls below a 350

preset threshold at timestamp t1, the algorithm records a series 351

of (Ptraj, Qtraj) points, referred to 352

xk = Ptraj(k), yk =Qtraj(k) (18)

where the subscript k denotes the kth recorded data point in the 353

time domain, with xk and yk forming a set of coordinates. Given 354

that n sets of coordinates are recorded, two matrices X and Y 355

can be constructed as follows: 356

X =

⎡
⎢⎢⎢⎣

2x1 2y1 1
2x2 2y2 1

...
...

...
2xn 2yn 1

⎤
⎥⎥⎥⎦
n×3

Y =

⎡
⎢⎢⎢⎣

−x2
1 − y2

1
−x2

2 − y2
2

...
−x2

n − y2
n

⎤
⎥⎥⎥⎦
n×1

. (19)

The relationship between matrices X and Y is given by 357

Y =Xλ+ ε (20)

where λ is a three-element column vector, [λ1, λ2, λ3]T, con- 358

taining the parameters required for fitting the quasi-power cir- 359

cle, and ε represents the error term. To minimize the sum of 360

squared residuals ‖ε‖2, the least squares method can be applied. 361

Therefore, λ can be estimated using 362

λ= argmin ‖ε‖2
2 = (XTX)−1(XTY ). (21)

Based on the estimated λ, the center of the circle Cqp can be 363

calculated as follows: 364

{
xc_fit =−λ1

yc_fit =−λ2.
(22)
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D. Further Refinement of Quasi-Power Circle Fitting365

Implementation366

1) Recursive Least Squares: Section III-C presents a clear367

process of fitting quasi-power circle Cqp, but it requires all368

measurements, increasing online computational and memory369

demands. To reduce this burden, the recursive least squares370

(RLSs) method is employed [28]. This approach updates the371

current fitting result using new measurements while retaining372

some information from the previous data by adjusting the for-373

getting factor λFF. In addition, the RLS algorithm prioritizes374

newly collected data. Hence, it is not necessary to pinpoint the375

exact start time of stage II. Instead, incorporating an appropriate376

time delay unit is a straightforward approach to bypass the377

initial stage I. The RLS-based circle-fitting algorithm is directly378

given by379

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Xk = [2xk, 2yk, 1]

Yk =−x2
k − y2

k

Kk = Pk−1Xk

λFF+XT
k Pk−1Xk

λk = λk−1 +Kk(Yk −XT
k λk−1)

Pk = (Pk−1 −KkX
T
k Pk−1)/λFF

(23)

where subscript k denotes the variables at the kth iteration; and380

Kk and Pk are the kth correction matrix and covariance matrix,381

respectively. For further details on the RLS algorithm, please382

refer to [28].383

2) Additional Information for Circle Fitting: Furthermore, Sec-384

tion II-B notes that the theoretical analysis of SCR reduction385

transient neglects the effects of current limits and grid voltage386

phase jumps. For instance, rapidly increasing reactive power387

that pushes the current close to its limit, triggering current388

saturation, may violate the second assumption in Section III-C,389

which pertains to the stable control of the PCC voltage am-390

plitude. The limited effective measurements of the arc with a391

small central angle are not enough for an accurate circle fitting.392

To increase the effective central angle of the measured arc and393

expedite the fitting process, an additional virtual quasi-power394

point (x0, y0) near the circle Cqp is also considered. When the395

power angle is close to 0, i.e., Ptraj = 0, the corresponding x0396

is 0, according to (18). It follows from (14) that397

y0 = SCR

⎛
⎝ Xg

|Zg|
−

√(
Us

Ug

)2

−
(

Rg

|Zg|

)2
⎞
⎠ . (24)

Given that the grid impedance is primarily inductive (Xg �398

Rg) and Ug and Us are close to the system’s nominal voltage,399

y0 is approximately 0. Since this virtual point (0, 0) may not400

lie precisely on the fitted circle, its weight factor αv within401

the fitting can be suitably reduced. Compared with (23), the402

algorithm differs, as shown403

Kk =
PkX0

λFF /αv +XT
0 PkX0

(25)

where X0 = [0, 0, 1], Y0 = 0.404

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

3) Constraints on the Fitting Circle Center: When using the 405

RLS algorithm with partial measurements in stage I, as men- 406

tioned in Section III-D1, the fitted circle center may converge to 407

an incorrect position due to transient power oscillations in stage 408

I. Based on the physical interpretation of the true quasi-power 409

circle center of (14), (αZb, βZb), where both coordinates are 410

positive, and the grid transmission line is typically inductive 411

(i.e., Xg > Rg), the estimated circle center is subject to the 412

following constraint: 413

yc_est > xc_est > 0. (26)

Therefore, the fitting algorithm begins to check for conver- 414

gence only when the center of the fitted circle lies within the 415

constraint range. 416

4) Determine the Completion of the Circle Fitting: The quasi- 417

power circle fitting process is illustrated in Fig. 5, where the 418

red curve represents the collected measurements; the black lines 419

indicate the constraints on the fitted circle center; the purple star 420

denotes the true circle center from (14) and the green dots along 421

with the dashed line represent the trajectory of the fitted circle 422

centers (in the enlarged subfigure, the black arrow indicates the 423

direction of change for the fitted circle center). Although the 424

true circle center is unknown, it is evident that the fitted circle 425

center approaches the true center as more measurements are 426

collected. When the fitted circle center stabilizes at a certain po- 427

sition and no longer obviously changes with new measurements 428

input, the algorithm terminates the fitting process and provides 429

the grid impedance estimation based on (16). The convergence 430

of the circle fitting is indicated by the variance between the 431

newly fitted circle center (xc_fit[k], yc_fit[k]) and the M previously 432

fitted centers, expressed as follows: 433

Varcc =
1
M

M∑
i=1

[(xc_fit[k]− xc_fit[k − i])2

+ (yc_fit[k]− yc_fit[k − i])2]. (27)

When the real-time calculated variance of the fitted circle 434

center Varcc is below the preset threshold Varth, the circle-fitting 435

process is terminated. Note that the final fitted circle center may 436

not precisely align with the true center, resulting in a slight error 437

due to the nonideal constant PCC voltage magnitude. 438
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Fig. 6. Flowchart of circle fitting-based grid impedance estimation and
New Pref calculation.

E. New Active Power Reference Selection With439

Estimated Grid Impedance440

By combining (13) with the obtained grid impedance in (16)441

and assuming a stable grid voltage amplitude of around 1 p.u.,442

the maximum active power transfer capacity (Pline_max) of the443

postdisturbance grid is calculated as follows:444

Pline_max =
Rg_est

|Zg_est|2
U 2
g +

1
|Zg_est|

Ug. (28)

To maintain a certain angle stability margin, 0.85 times445

Pline_max can be selected as an example to be a new active power446

reference for low SCR conditions. Note that (1) dynamically447

ensures that the converter output current does not exceed 1448

p.u., which is always enforced. Therefore, the final active power449

reference, Pref_lim, introduced into APC also depends on Pul. It450

is noted that the active power reference correction is particularly451

effective when the postdisturbance SCR is lower than 1. Oth-452

erwise, the calculated new active power setpoint would exceed453

the inherent active power limiter Pul and the latter determines454

the final active power reference. Fig. 6 provides a flowchart455

summarizing the proposed circle-fitting-based grid impedance456

estimation and subsequent Pref correction.457

It is worth noting that the proposed method is triggered by458

a drop in active power output. When the SCR recovers, the in-459

crease in active power does not trigger the estimation algorithm.460

Nevertheless, the converter can maintain synchronization since461

the strong grid naturally provides a stable equilibrium operating462

point. In such cases, nominal active power recovery can be463

coordinated according to grid operator requirements and grid464

codes.465

F. Discussion on Method Applicability and Limitations466

1) Adaptation to Nonideal Grid Source: The proposed quasi-467

power circle fitting-based grid impedance estimation requires468

only that the system meets the criteria listed in Section III-C,469

without the need for a constant grid frequency or continuous470

grid phase angle. Since grid frequency changes mainly affect471

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- 472

verter and the grid, influencing the rate of power angle increase, 473

and grid phase angle jumps only alter the start point of the 474

circular movement, they do not affect the quasi-power trajectory 475

as the power angle grows. Thus, even during the SCR reduction 476

transient with dynamic grid frequency variations and phase 477

angle jumps, the method can still accurately estimate the grid 478

impedance. 479

Moreover, the proposed method remains applicable under 480

nonnominal grid voltage conditions due to the inherent property 481

of the quasi-power circle: its center depends solely on the grid 482

impedance and remains fixed regardless of voltage magnitude. 483

Therefore, as shown in (14), the circle radius varies with the 484

grid voltage, and the accurate estimation of the stable circle 485

center ensures reliable impedance calculation. However, since 486

the quasi-power circle no longer passes through the origin under 487

voltage deviations, the virtual operating point at (0, 0), which 488

is derived based on the assumption of nominal voltage, is ex- 489

cluded from the fitting process. The corresponding validation 490

is presented in Section IV-D. 491

2) Targeted Use in Low SCR Situations: The proposed grid 492

impedance estimation relies on variations in both Pg and Qg. 493

However, when the postdisturbance SCR is relatively high, 494

changes in the Pg injection have a minimal impact on Qg vari- 495

ants. Based on (14), when SCR is high, the radius of circle Cqp is 496

much larger than the collected arc segment, resulting in a small 497

center angle. The SCR upper limit for this estimation method 498

can be determined based on the geometric relationship between 499

the fitted quasi-power circle and the rated current limitation 500

shown in Fig. 7, where the central angle is as follows: 501

δ = arc cos

(
2r2

c_fit − 1

2r2
c_fit

)
. (29)

Assuming a minimal center angle of 30◦ (as an approximate 502

threshold to illustrate the applicability limit of this method), the 503

maximum estimated rc_est is around 1.93 [i.e., SCR ≈ 1.93 ac- 504

cording to (6) and (14)]. However, due to PCC voltage stability 505

and measurement quality during the estimation, this theoretical 506

SCR upper limit may be slightly lower in practice. 507

Additionally, grid impedance estimation is generally not re- 508

quired when SCR is greater than 1, as converters can typically 509

maintain stable operation and inject full power without relying 510
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on it. Nevertheless, even in such strong grid conditions, grid511

impedance estimation can still provide additional benefits, such512

as enabling adaptive control strategies [9]. However, under ul-513

traweak grid conditions (SCR < 1), accurate grid impedance514

estimation becomes crucial. In this case, even a robust converter515

design may still fail to maintain stable operation if no equilib-516

rium exists. The proposed estimation method enables determin-517

ing a correct new active power reference based on the actual grid518

strength, which not only helps maintain synchronization but519

also ensures that the available transmission capacity of the weak520

grid is fully utilized without causing instability. The proposed521

method is well suited for this scenario, further highlighting its522

practical value and necessity.523

3) Comparison, Extensions, and Future Work: To better illus-524

trate the performance related to other existing methods, a com-525

parison is provided in Table I. Active grid impedance estimation526

methods using intrusive signal injections are typically faster and527

more accurate but impose higher computational costs. Among528

passive methods, Kalman filter-based observers offer rapid re-529

sponse but require complex design and parameter tuning. The530

transient measurement-based methods achieve slower estima-531

tion with moderate accuracy. Quasi-passive methods generally532

take longer and exhibit noticeable errors, as they only rely on533

a few steady-state operating points.534

Although the proposed method has an applicable SCR upper535

limit, as discussed in Section III-F2, it could be extended to a536

wider SCR range if additional grid-side information is avail-537

able. For instance, when the grid impedance ratio R/X = K538

is known, the center of the quasi-power circle Cqp lies on the539

straight line y = 1/Kx. By exploiting the symmetry of Cqp about540

this line, the effective fitting center angle can be increased,541

enabling the estimation algorithm to operate under higher SCR542

conditions. However, because reactive power variation to the543

power angle becomes limited in strong grids, the proposed544

method remains best suited for weak grid conditions.545

Furthermore, the proposed method is potentially applicable546

to converters capable of maintaining stable PCC voltage and547

is not strictly limited to grid-forming control. Nevertheless,548

grid-forming converters are adopted here due to their superior549

performance under very weak grid conditions. Extending the550

method to scenarios with varying PCC voltage represents an551

interesting direction for future research.552

IV. VALIDATION AND COMPARISON553

The proposed grid impedance estimation under ultraweak554

grid conditions is tested in an experimental setup shown in555

Fig. 8. The grid is emulated with a REGATRON four-quadrant556

programmable AC power source. The grid SCR reductions are557

completed by disconnecting one of two parallel impedances (for558

instance, line 1 with a 40 mH inductor remains, and line 2 with559

a 10 mH inductor is tripped). A two-level GFM converter is560

controlled by the ds1006 platform of dSPACE. The DC side561

of the converter is powered by an ideal DC source, while the562

AC side connects to the grid impedance through an LC filter.563

System and control parameters are specified in Table I.564

Fig. 8. Photo of laboratory setup.

A. Instability With Constant Active Power Reference 565

Initially, the system operates with two parallel lines, and the 566

SCR is about 4. At t = 1.5 s, line 2 tripped, resulting in the 567

SCR dropping to 0.8. Three-phase PCC voltage and converter 568

output current are plotted in Fig. 9(a) and (b), respectively, with 569

enlarged views highlighting the transient waveforms during the 570

early stage of the disturbance. Thanks to the well-damped GFM 571

control, the PCC voltage magnitude remains stable despite large 572

SCR variations. The increased grid impedance causes reduc- 573

tions in the output current and active power injection Pg, as 574

shown in Fig. 9. The difference between Pg and its limited 575

reference Pref_lim prompts the APC controller to accelerate the 576

converter frequency, as seen in the frequency curve in Fig. 9(d). 577

As the power angle increases, both Pg and Qg in Fig. 9(c) exhibit 578

a similar upward trend as depicted in Fig. 3. Different from the 579

simulation results shown in Fig. 3, an effective current limiting 580

is implemented in the experiments, the constant Pref (equals 1 581

p.u.) is limited by (1), resulting in the dynamic limited Pref_lim 582

(curve in green) in Fig. 9(c). When Pref_lim is below 0.5, Pref 583

is set to 0 [5]. Despite Pref being constrained, the system still 584

exhibits transient instability following a significant SCR drop. 585

Therefore, during the transient period, it is essential to promptly 586

obtain a correct new active power reference Pref_new. It is worth 587

noting that the PCC voltage magnitude remains stable during 588

the early transient, e.g., 1.5–1.9 s in Fig. 9(a), which meets the 589

requirement of the proposed grid impedance estimation listed 590

in Section III-C. 591

B. Grid Impedance Estimation Assisted Operation 592

Under the same disturbance condition, where the SCR drops 593

to 0.8, the corresponding validation of grid impedance estima- 594

tion is presented in Fig. 10. Unlike in Fig. 9, the estimation 595

algorithm starts running following the process outlined in Fig. 6 596

after detecting the disturbance by monitoring the Pg drop with a 597

preset threshold ΔPth = 0.1 p.u. As the power angle increases, 598

more points (Ptraj, Qtraj) are measured, and the fitting circle cen- 599

ter gradually converges to a constant, as depicted in Fig. 10(e). 600

Based on (20), the grid impedance is estimated to be (0.95 + 601

j12.97) Ω, which closely matches the actual value of the applied 602

40 mH inductor. It can be observed that the estimation takes 603

only around 0.2 s to produce an accurate result, demonstrating 604
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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.

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), Pline_max is 0.806 p.u.,605

shown as a black dashed line in Fig. 10(c). To maintain stability,606

the new active power reference, Pref_new, is selected as 0.85 ×607

Pline_max and updated at 1.7 s, as indicated by the green curve608

in Fig. 10(c). Corresponding to the newly calculated Pref_new,609

the system reaches a new steady-state point after the transient610

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 611

the stabilization. 612

On the other hand, to demonstrate the effectiveness of the 613

proposed estimation method under nonideal grid conditions, the 614

validation with a varying grid frequency and a power angle 615

phase jump Δδ is conducted. The grid frequency variation is 616

implemented based on the active power fluctuation. When the 617

grid source detects a power disturbance, a voltage phase shift of 618

−30◦ is applied to create a Δδ. The obtained results are shown 619

in Fig. 11. 620

Grid SCR still drops at 1.5 s. Due to the active power change 621

in the system, grid frequency varies, plotted as the black curve 622

in Fig. 11(c). The added grid voltage phase shift is shown 623

in Fig. 11(d), where the power angle jumps at 1.5 s. After a 624

short period, the fitted circle center in Fig. 11(e) converges to 625

a constant, and the corresponding grid impedance estimation 626

is computed as shown in Fig. 11(f), which perfectly aligns 627

with the real grid impedance value. Then, by adjusting the 628

corrected new active power reference, the system ultimately 629

maintains synchronization after a transient process, at around 630

4.85 s, which is marked as the end of the transient. In addition, 631

the undesirable reverse active power phenomenon peaks at 0.77 632

p.u. of absorbed power in Fig. 11 and relatively slow dynamic 633

responses both in Figs. 10 and 11, indicating that merely adjust- 634

ing the active power setpoint is insufficient to ensure smooth 635

transients under severe grid conditions. To effectively mitigate 636

this issue, further enhancement of the GFM controller, such 637

as adaptive APC, is necessary. While this article focuses on 638

the proposed grid impedance estimation method, future work 639

will systematically investigate advanced GFM control strategies 640
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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 to641

improve dynamic performance and stability.642

To assess the effectiveness of the proposed method, an ex-643

treme condition of a reduction of SCR down to 0.65 is consid-644

ered here, and the corresponding case study results are summa-645

rized in Fig. 12. With such a low SCR, no stable equilibrium646

point exists without adjusting the active power reference Pref.647

The proposed method accurately estimates the grid impedance648

as (1.22 + j15.16) Ω and reduces Pref accordingly, thereby649

maintaining synchronization.650

C. Grid Impedance Estimation Under Varying R/X Ratio651

To further validate the effectiveness of the proposed grid652

impedance estimation method under different grid R/X ratios,653

a comparison case study with R/X = 0.2 is conducted using654

the simulation model and the same system parameters listed in655

Table I. The corresponding estimation results are presented in656

Fig. 13. The grid SCR drops to 0.8 at 1.5 s, resulting in an actual657

postdisturbance grid impedance of (2.45 + j12.25) Ω. After a658

short period of fitting process, the circle center converges to659

(0.154, 0.783), leading to an estimated grid impedance (2.42660

+ j12.3) Ω, which closely matches the actual value with high661

accuracy.662

D. Adaptation to Changed Grid Voltage663

As discussed in Section III-F, the proposed method remains664

applicable even when the grid voltage is nonnominal during665

an SCR drop event. To validate this, simulation is conducted666

under such conditions, and the results are shown in Fig. 14. At667

1.5 s, SCR drops to 0.8, accompanied by a grid voltage dip to668

0.75 p.u. After the circle fitting process, the algorithm yields669

a stable output, with a fitted circle center of (0.11, 0.77) and a670

radius of 0.57. Based on the quasi-power circle fitting results,671

the estimated grid impedance is (1.87 + j12.75) Ω, and new672

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.

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 673

ensuring stable system operation. 674

E. Comparison With Existing Method 675

Using the parameters listed in Table II and under the same 676

disturbance of an SCR drop to 0.7, a comparison is made 677

between the method presented in [7] and the proposed method. 678

The results are shown in Figs. 15 and 16, respectively. At 1.5 679

s, the SCR drop occurs. The method in [7], which is based 680

on the maximum active power detection, completes the grid 681

impedance estimation at 1.89 s. However, even when the active 682

power reference is updated using the same adjustment rule 683

(Pref_new = 0.85 × Pline_max), the system still loses synchro- 684

nization due to the limited angle stability margin. To maintain 685

synchronization in this case, Pref_new must be set even lower. 686
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TABLE II
SYSTEM AND CONTROL PARAMETERS

Items SI Items SI
Rated Power Srated 1 kVA Filter capacitance Csh 30 μF
Line voltage Urated 100 V Lg (SCR = 4) 8 mH
Line frequency fg 50 Hz Lg (SCR = 0.8) 40 mH
DC voltage UDC 300 V R/X ratio 0.1

Rated current Irated 10 A Forgetting factor λFF 0.99
Filter inductance Lf 5 mH Weight fact αv 0.2

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-687

mation earlier, at 1.75 s. The active power reference is also688

adjusted to 0.85 × Pline_max, yet the system remains stable. This689

improvement is due to the estimation being finalized before the690

operating point reaches the active power peak, providing more691

deceleration space to maintain synchronization. The proposed692

method offers faster, more accurate estimation and improved693

stability, demonstrating its practical value and necessity.694

F. Converter Operation After SCR Recovery695

To evaluate the converter’s performance when the tripped696

transmission line is reconnected after a short fault, a corre-697

sponding simulation is conducted, and the results are plotted698

in Fig. 17. The SCR drops at 1.5 s and restores at 1.8 s. Grid699

impedance estimation is completed at 1.72 s, updating the active700

power reference to 0.67 p.u. When the grid strength suddenly701

recovers, the converter current protection is triggered due to702

the relatively large power angle between PCC and the grid703

caused by the previous converter acceleration. After a brief704

resynchronization process, the converter reaches a steady state705

at around 3.3 s with reduced active power injection. Although706

the grid strength has been restored, maintaining synchronization707

is prioritized over immediately restoring nominal power output.708

Therefore, a gradual increase in active power delivery is recom-709

mended, following the grid operator’s requirements. Assuming710

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.

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 711

power reference increases smoothly to nominal level, and by 712

5.2 s, the converter achieves steady-state operation with rated 713

power delivery. 714

V. CONCLUSION 715

This article introduces an easily implemented passive grid 716

impedance estimation method that relies solely on local mea- 717

surements from a connected grid-forming (GFM) converter op- 718

erating under ultraweak grid conditions. The proposed method 719

determines both grid inductances and resistances by utilizing a 720

fixed-centerd quasi-power circle, which effectively captures the 721

natural relationship between active and reactive power changes 722
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at the PCC during transient events, regardless of grid frequency723

fluctuations. Furthermore, the constraints derived from the in-724

herent physical characteristics of the power grid are integrated725

into the recursive least square (RLS)-based estimation algo-726

rithm to enhance the speed of the estimation process. The results727

of this estimation allow precise adjustments to the active power728

reference, enabling the GFM converter to maintain synchro-729

nization and continue injecting available power into the grid.730

Experimental validation confirms the method’s reliability and731

accuracy.732
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