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Abstract—Electromagnetic transient (EMT)-based frequency
scanning has become a promising tool for extracting black-box
impedance models of inverter-based resources (IBRs) in small-
signal stability assessment. However, the selection of frequency
step size and perturbation amplitude is often heuristic. This
paper systematically investigates how these two configuration
parameters influence impedance accuracy and Nyquist-based
stability assessment. First, analytical expressions are derived to
relate the impedance magnitude error to the frequency step and
the resonant bandwidth, showing that the error near narrow
resonances increases quadratically with the normalized step size.
Next, the error due to perturbation amplitude is examined by
combining a small-signal nonlinearity expansion with a signal-
to-noise-ratio (SNR) argument, yielding a composite error model
that increases for both excessively small and excessively large
amplitudes. The implications of these errors for Nyquist-based
stability assessment are then analyzed, revealing potential risks
of stability misjudgment. Case studies on a grid-following IBR
validate the analytical trends and provide practical guidelines
for selecting frequency steps and perturbation amplitudes to
ensure reliable impedance-based stability assessment.

Index Terms—Frequency scanning, inverter-based resources,
frequency step, perturbation amplitude, impedance-based
stability assessment.

L INTRODUCTION

With the rapidly growing penetration of inverter-based
resources (IBRs), the risk of system instability is also
increasing. Consequently, impedance-based small-signal
stability analysis [1] has become a widely used method for
assessing converter-grid interactions due to its simplicity and
broad applicability. In practice, however, the internal control
structures and algorithms of commercial IBRs are typically
not disclosed for proprietary reasons; therefore, the
electromagnetic transient (EMT)-based frequency-scanning
techniques are widely employed to obtain their black-box
dynamic characteristics [2], [3].

While existing research has extensively investigated
frequency-scanning techniques across various reference
frames, including the positive-sequence, af, and dq frames,
and has compared their computational efficiency and accuracy
[4], [5], little attention has been paid to the reliability of the
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impedance measurement itself. Specifically, how the
configuration of the frequency scanning affects the accuracy
of the measured impedance and the subsequent stability
assessment has not been systematically analyzed. Among
these configurable settings—such as perturbation type [6],
injection method, frequency step, and perturbation
amplitude—the frequency step and perturbation amplitude are
the most commonly available and adjustable parameters in
both user-developed tools and commercial software, yet their
selection is often empirical [7]. Although guidance on
perturbation amplitude is provided in [8], [9], the underlying
mechanisms of measurement error and their impact on
stability assessment have not been investigated, and the effect
of frequency step has been seldom studied. The lack of
quantitative understanding and clear configuration guidelines
for these two parameters can result in inaccurate or misleading
conclusions in impedance-based stability —assessment,
particularly near the system’s stability boundary.

This paper addresses the above methodological gap by
answering a simple yet practically important question: How do
the frequency step size and perturbation amplitude of EMT-
based frequency scanning affect the reliability of impedance-
based stability assessment, and how should they be chosen in
practice?

The main contributions are summarized as follows:

1. Mechanistic insight: Analytical expressions are
derived to quantify the effects of frequency step and
perturbation amplitude on impedance measurement
errors, providing the first systematic and quantitative
understanding of these error mechanisms.

2. Stability interpretation: The measurement etrors are
incorporated into the Nyquist-based stability analysis,
first clearly revealing how such errors distort distance
margins and can lead to stability-assessment
misjudgment.

3. Practical guidelines: A comprehensive case study
quantifies the impact of frequency-scanning
configuration and delivers practical guidance on
selecting frequency step and perturbation amplitude
for reliable impedance measurement.



The remainder of the paper is organized as follows.
Section II presents the principle of frequency scanning.
Section III analyzes the error mechanisms associated with the
frequency step and perturbation amplitude. Section IV
examines their impact on stability assessment. Section V
presents a case study of a grid-following IBR system, and
Section VI provides practical guidelines for reliable frequency
scanning. Section VII concludes the paper.

II.  PRINCIPLE OF EMT-BASED FREQUENCY SCANNING

To illustrate EMT-based frequency scanning, the system
depicted in Fig. 1 is employed.
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Fig. 1. Schematic diagram of p-scan using voltage perturbation injection.

As an example, the positive-sequence scan (p-scan) is
considered. Once the IBR reaches steady-state, a small
balanced three-phase voltage perturbation in the positive
sequence at frequency f, is superimposed on the fundamental
voltage. The perturbation amplitude, denoted as 4, is typically
specified as a percentage of the nominal voltage. The resulting
three-phase current at the point of interconnection (POI) is
then measured and recorded over multiple cycles after system
transients have decayed. The frequency spectra of the
measured signals are then extracted using the fast Fourier
transform (FFT) or other suitable methods. Subsequently, the
impedance of the IBR at frequency £, is calculated as:

U
ZIBR(.fp):M (1)
L (f,)

The procedure is repeated for each perturbation frequency of
interest within the specified frequency range, which can be
expressed as:

S, = foim tEA k=0,1,...N 2)
where Af'is the frequency step and N represents the number of
frequency-scan points.

In practice, the selection of Af and A often vary across
users, which may lead to inconsistent impedance spectra and

potentially inaccurate or even conflicting stability assessments.

The following section analyzes their effects on measurement
errors in detail.

III. ERROR MECHANISM ANALYSIS

This section presents the analytical derivation of
measurement errors associated with the frequency step and
perturbation amplitude, providing a quantitative explanation
of their underlying impact on the extracted impedance. The
impedance obtained from EMT-based frequency scan can be
expressed as follows:

2(jo) = Z(jo)+ AZ(jo) 3)

where Z(jw) denotes the true small-signal impedance, Z(jw)

represents the measured value, and AZ(jw) quantifies the
measurement error.
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A. Errors Associated with Frequency Step

In the small-signal range, the IBR can be linearized into a
linear model, in which each oscillatory mode corresponds to a
complex-conjugate eigenvalue pair. In a narrow frequency
neighborhood around a poorly damped resonance where one
mode is dominant, the local frequency response is dominated
by the corresponding complex-conjugate pair; therefore, the
impedance magnitude can be locally approximated by a
standard second-order form [10], given by:

V4
|Z(jo)|~ -

{2)] (2]

where Z, = |Zr( ja)r)| denotes the peak magnitude at resonant

4

frequency w, , ¢ is the damping ratio, and bandwidth
B, ~2w,.

Applying a second-order Taylor expansion at @ =,
yields a local quadratic approximation:

®)

where « is an order-one constant determined by the second
derivative at the peak. The detailed derivation follows directly
from a Taylor expansion and is omitted here for brevity.

. 1z
20 =2, S alt0-0,)

®

In a discrete frequency scan with step size Aw =27Af,
the maximum measured magnitude near the resonance @, is
taken at the nearest point @,., which satisfies:

(6)

Accordingly, the relative peak error can be approximated as:

A
o — | STQ)

5 N2
Mzﬂch [A_a)) =C, [ﬁ] (7
Z, “\ B, "\ B,

AZ,,| =2, -|2(jo.) ®)
where C r =a/8 is another order-one constant, and
B, =B,/2x represents the bandwidth in Hz, and
|AZStep denotes the measurement error associated with

frequency step Af .

It is evident that the measurement error exhibits a
quadratic dependence on the normalized frequency step
Af'/ B, . Moreover, narrow-band modes are more sensitive to

coarse frequency steps.
B.  Errors Associated with Pertebation Amplitude

The selection of the perturbation amplitude 4 is not
straightforward: an amplitude that is too small results in a low
signal-to-noise ratio (SNR), while an amplitude that is too
large may violate the linearity. Both cases introduce
measurement errors. Therefore, the error mechanisms will be
analyzed from the perspectives of SNR and nonlinearity.

First, the measurement error caused by the SNR is
analyzed. Taking the voltage perturbation injection described
in Section II as an example, the perturbation voltage is



denoted by u(t)= Asin(wt) , while I}( j@) represents its

phasor form. The measured current phasor I n(jw) can then
be expressed as:

Lu(jo) = I(jo)+n(jo) ©)

where I(jw) denotes true linear response current phasor, and
n(jo) represents the noise which mainly arises from

numerical sampling errors, FFT spectral leakage, and
harmonics generated by power electronic switching. The
impedance can be expressed as:

A I~/ )
2(jo)=—L U (10)
I(jo)+n(jw)
If n(jow)/ }( jw)|<<1, the impedance expression can be

expanded using a first-order Taylor approximation, leading to
the following error formulation:

AZ | G| 1
1 |

(11)

Z(jo)=V(jo)/1(jo)
Since the noise is independent of the perturbation amplitude 4,
and A remains sufficiently small in the SNR analysis such that

linearity is preserved, the true current response I(j®) is
proportional to the perturbation amplitude 4. Therefore:

|AZ nm‘iﬂ’| o l s thus —| AZn{)SiM| = Cz l
12 A

12|

where C, denotes the lumped proportionality constant

(12)

associated with the measurement noise at the injected
frequency. It can be observed that an excessively small
perturbation amplitude leads to a significant measurement
error.

In contrast, when the perturbation amplitude 4 becomes
excessively large, the IBR may no longer operate within its
linear small-signal region. In this case, the measured current
contains nonlinear distortion components, which bias the

extracted impedance. The measured current phasor } n(jo) is
expressed as:

[m(ja)):[(]a))"‘])ll(]a)) (13)
where [ «(jw) represents the nonlinear current component,
which is associated with control saturation or PLL coupling.

Expanding I n(jw) with respect to the perturbation

amplitude 4 around the operating point 4 =0 yields
- 1
Im(ja))=Yl(ja))z‘l+3Y3(j60)/13 +0(4) (14)

Where Y (jw) is the true linear admittance and Y,(jw)
denotes the first nonlinear distortion component. Only odd-
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order nonlinear terms appear in the Taylor expansion because

the even-order terms do not contribute to /. (j®) at frequency

o . Since I}( jw) < 4, the impedance can be expressed as:

Vijo) _ 1
L) (o)t ho4 +0(4) 5,

! {I_IY}(;w)AZ}

Z(jw)=

Y(jo)| 6Y(jo)
Then, the error can be expressed as:
|AZnar11inmr ~ l| )/3 (.]a))| A2

oc A (16)
1z 6|Y (o)
It can be clearly observed that once linearity is violated, the
resulting error grows quadratically with the perturbation
amplitude.

The overall impedance measurement errors associated
with the perturbation amplitude can be summarized as:

AZ
| ~CA 40

z,| A (17)
1
o =g|&(jw)|/|x(jw)|

It is worth noting that the frequency step induced error is a
local effect that appears only around modal resonances. In
contrast, the perturbation amplitude induced error is a global
effect, since both nonlinear distortion and noise sensitivity
propagate over the entire spectrum. Therefore, the total error
can be expressed as:

2
Mch Y +C1A2+C2l
7] B, 4

amplitude

(18)

where the first term is restricted to narrow-band resonance
regions, while the latter two terms influence the entire
scanned spectrum. Eq. (18) summarizes the dominant error
mechanisms and their scaling trends with respect to Af and

A ; the coefficients are implementation-dependent, and thus
the model is primarily used for trend analysis rather than
point-by-point absolute error prediction.

IV. IMPACT ON NYQUIST-BASED STABILITY ASSESSMENT

Since Nyquist-based stability assessment depends on the
impedance of the gird and IBR, any measurement error from
frequency scanning will degrade the accuracy of the stability
analysis.

For a grid connected IBR, the loop gain can be expressed
as:

L(jow)= ZGrid (jo)/ Z1BR (jo) (19)
When analyzing the impact of IBR impedance measurement
error, the grid-side impedance can be regarded as fixed.

Therefore, the relationship between the loop-gain error and the
IBR impedance error can be derived as follows:

AL AZy,

L VA

IBR

(20)



The true and measured minimum distance of the Nyquist
curve to the critical point (-1, jO) are defined as:

dmin = mln|1 + L(]a))| P} &min = min

1+2(ja))‘ 1)

The deviation between the measured and true minimum

distances can then be derived as:

A

d min — d < max
(2]

min

2(]'(0) - L(ja))‘ = max |AL| & max|L|

Z]BR
(22)
Based on this, two conclusions can be drawn:
Conclusion 1: if the loop-gain deviation satisfies
m3x|AL| <d the Nyquist-based stability judgment is
guaranteed to be correct, and no misclassification will occur.

This condition is sufficient for ensuring reliable stability
assessment.

min

Conclusion 2: The essence of ensuring reliable stability
judgment lies in the comparison between the loop-gain
deviation and the true minimum distance d_;, . Thus, neither a

large impedance error nor a large loop-gain alone is sufficient
to determine whether the stability assessment will be correct.

V. CASE STUDY
This section presents a case study in DIgSILENT
PowerFactory to illustrate the proposed error mechanism and
its impact on impedance-based stability assessment. The test
system consists of an IBR connected to an equivalent grid
impedance, as shown in Fig. 2. Due to space limitations, only
grid-following IBRs are considered in this paper. The detailed

system parameters are listed in TABLE 1.

Zgrid

Fig. 2. Diagram of the test system.
TABLE I. PARAMETERS OF THE TEST SYSTEM

Item symbolic value
System frequency fo 50 Hz
Voltage base Viase 0.69 kV
Power base Shase 1.66 MVA
Frequency scan range f 1-100 Hz
System strength SCR 1.81
Power level Ppor/ Opor 1.0 p.u./0p.u.
Grid side impedance Z/i 0.015 71;)0. 1570

The scan range is set to 1-100 Hz, which covers the sub-
synchronous oscillation region. The configurations of all test
cases are listed in TABLE II. Since the IBR is treated as a
black box, its analytical impedance is unavailable. A high-
resolution scan R (Af= 0.5 Hz, 4 = 0.1%) is therefore used as
a best-available benchmark for comparison when analytical
models are inaccessible. It adopts the finest step used in this
study and a small perturbation amplitude to reduce
discretization and nonlinear distortion while maintaining
adequate SNR and reasonable EMT simulation time.

979-8-3315-8138-1

TABLE II. CONFIGURATION OF ALL TEST CASES

Case Frequency Step Perturbation
(Af/ Hz) Amplitude (4 /%)
R 0.5 0.1
FO 0.5 0.5
F1 1 0.5
F2 5 0.5
F3 10 0.5
A0 1 0.1
Al 1 0.5
A2 1 1
A3 1

A. Fregency Step Study

In this part, 0.5% amplitude is verified to be in the linear
region by comparing FO with the benchmark case R; their
frequency responses coincide. FO is therefore used as the
reference for subsequent frequency-step analysis, so that the
perturbation amplitude is fixed and only Af varies across FO—
F3. Fig. 3 shows the bode plots and TABLE III summarizes
the maximum impedance errors.

The largest errors (up to 99.84%) occur around 50-60 Hz,
where the IBR exhibits a weakly damped resonance, which is
consistent with the error mechanism derived in (7). Fig. 4
presents the Nyquist plots, and TABLE IV summarizes the
stability analysis results.

The minimum Nyquist distance is only weakly affected
by Af, and Ad remains small, so the stability assessment
remains consistent across FO-F3 despite the extremely large
impedance errors near the resonance band. Moreover, (22) is

verified in all cases, ie., Ad<max|AL| . However, the
[2]
sufficient condition in Conclusion 1, max|AL|<dmin is not
(2]

satisfied because max|AL| occurs in the resonance band (e.g.,
[}

0.1687@61.5 Hz, 1.952@51 Hz, 0.851@50.5Hz) whereas the
d . frequency remains at 82.5 Hz. This highlights the
conservative nature of Conclusion 1 and supports Conclusion
2 that the judgement reliability is governed by the loop-gain
deviation relative to the true minimum distance d,

min *
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Fig. 3. Bode plots of cases with different frequency steps.
TABLE III. MAXIMUM IMPEDANCE ERROR VS. FREQUENCY STEP

Case Magnitude Error Phase Error
Max AZ/Z Jnax (Hz) Max AB (°) | fumw (Hz)
F1 83.03% 50.5 140.31 61.5
F2 99.88% 50.5 166.79 61.5
F3 99.84% 50.5 178.64 47.0




Hz) 0.1 ‘7

0 (05 1)
—— Fl(L0Hy)
F2(50 Ho)

0.12f

0.4 /
N X

-0. -1.06 -1 -0.94 -0.88
Re(L(jw))

J1.8-1.6-1.4-12 -1 0.8-0.6-0.4-02 0 0.2
Re(L(w))

Fig. 4. Nyquist plots of cases with different frequency steps.
TABLE IV. MINIMUM DISTANCE TO (-1, j0) VS. FREQUENCY STEP

(and an effective bandwidth estimate) can be identified via a
two-stage scan: perform an initial coarse scan and then locally
refine the step around detected resonance peaks.

Second, the perturbation amplitude should remain within
the linear small-signal region while ensuring adequate SNR,
as illustrated in (17). In the tested system, a wide linear region
is observed, and a default amplitude provides a robust
compromise, whereas overly large amplitudes may activate
nonlinear behavior and should be avoided (see TABLE VI).
This setting is intended for offline/open-loop IBR scanning;
for grid-connected (closed-loop) frequency scanning, the
admissible amplitude should also satisfy current/voltage limits
and may depend on grid strength (e.g., SCR).

TABLE VI. RECOMMEND SCANNING SETTINGS (1-100 HZz)

Item Recommendation

Frequency Step Af' 1 Hz (global), refine to 0.5 Hz near resonances

Case | 4. Ao Ad {I’fi";; max AL| I;AIfI'"Z”)X Assessment
FO 0.1095 82.5 Stable
Fl 0.1095 | 0.1111 | 0.0016 83 0.1687 61.5 Stable
F2 0.1095 | 0.1556 | 0.0461 85 1.952 51.0 Stable
F3 0.1095 | 0.1557 | 0.0462 80 0.851 50.5 Stable

Perturbation Amplitude 4 0.1%—1% (default 0.5%), avoid >5%

B.  Perturbation Amplitude Study

In this part, A0 (Af=1 Hz, 4 = 0.1%) is used as reference.
Here, Af'is fixed at 1 Hz for all amplitude cases (A0-A3) to
isolate the impact of 4 and to keep the EMT scanning effort
tractable. The reference amplitude 4 = 0.1% provides a low-
distortion baseline within the identified linear region. Fig. 5
shows the bode and Nyquist plots, and TABLE V summarizes
the maximum impedance errors. The impedance error
increases nearly quadratically with 4 from 1% (A2) to 5%
(A3), confirming the nonlinear distortion predicted in (16).

Nevertheless, the d., remains almost unchanged across all
cases, and all cases are stable. Furthermore, the sufficient
condition in Conclusion 1 is satisfied for all cases, ie.,

max|AL| < d,;, . Specifically, max|AL|=0.0497 (A1), 0.0566
(A2), and 0.0833 (A3), all belowd,_, = 0.1111. Therefore, in
this study, Conclusion 1 provides a worst-case guarantee for
reliable stability assessment.

;:g — A0 (0.1%) ‘
—— A1(0.5%) — . m
S R = T R
20 —— A3(5.0%) o4 alo
N A 5
010 20 30 40 50 60 70 80 90100= |
20 30 T
= —A001%| T
-g 100—— — A1 (0.5%)[1 —.
T 0 A2 (1.0%)|] 04
=) — A3 (5.0%)|
210
Z 0.8
200570 20 30 40 50 60 70 80 90100 15 1 05 0
Frequency (Hz) Re(L(Gw))

Fig. 5. Bode plots (left) and Nyquist plots (right) under different amplitudes.
TABLE V. MAXIMUM IMPEDANCE ERROR VS. PERTURBATION AMPLITUDE

Case Magnitude Error Phase Error
Max AZ/Z fnax (Hz) Max A6 (°) fwax (HZ)
Al 0.37% 45 3.25 50
A2 0.85% 50 3.66 50
A3 5.90% 50 3.98 50

VI.  PRACTICAL GUIDELINES
For EMT-based frequency scanning of grid-following
IBRs in the 1-100 Hz sub-synchronous range, two practical
configuration guidelines are recommended (see TABLE VI).
First, the frequency step should be sufficiently smaller
than the narrowest resonance bandwidth, as illustrated in (7).
When prior system knowledge is limited, resonant regions
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VII. CONCLUSION

This paper analyzes how the frequency step and
perturbation amplitude affect EMT-based impedance scanning
accuracy and the resulting Nyquist-based stability assessment.
Practical recommendations are summarized in TABLE VI,
and a robustness condition to prevent stability misjudgment is
established. The case studies focus on a grid-following IBR;
however, the error mechanism introduced by finite frequency
steps is generic and the same configuration logic is expected
to apply to grid-forming or hybrid controls, for which the
admissible perturbation amplitude range should be re-
identified due to different nonlinearities and limiters.
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