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Abstract—Impedance-based methods are widely used for
power system stability analysis with inverter-based resources
(IBRs), e.g., assessing dynamic interactions between the power
grid and an IBR, control interactions between multiple IBRs,
and the sub-synchronous oscillation and damping phenomenon.
Since it is difficult to get a numerical model 100% matching
with the hardware IBR, using the hardware inverter directly to
obtain its output impedance has become a prominent approach
nowadays. Therefore, this article presents the impedance scan
using hardware IBRs, and also a hardware diesel generator as
it still stays with the grid before the grid completely goes to
renewable. The devices under test (DuTs) for the impedance
scan includes two 3-¢, 480 V, 60 Hz commercial grid-forming
IBRs (one of 250 kVA and another of 125 kVA rating) in series
with A-Y transformers, one 3-¢, 480 V, 60 Hz commercial
grid-following IBR (of 125 kVA rating), and a 3-¢, 480 YV,
60 Hz commercial diesel generator (of 187.5 KVA rating).
Using voltage signals perturbed with sub-, inter-, and higher
harmonic components, and measuring the current response,
the positive-sequence impedances are computed via an offline-
based post-analysis. Moreover, best-fit transfer functions are
estimated that closely resemble the measured data points of the
positive-sequence impedances. Based on the observations from
various outcomes of the hardware experiments, this article also
provides some fundamental insights on the equivalent positive-
sequence impedance of a combination of multiple hardware
components by comparing the estimated and the empirically
computed impedances. A comparative insight on the damping
capability of the DuTs using the positive-sequence impedances
of the hardware is also discussed.

I. INTRODUCTION

As increasingly more inverter-based resources (IBRs) are
integrated into power systems, the dynamic stability of power
grids needs to be investigated as the grid becomes weaker and
has less inertia [1]; therefore, the study of system strength
and the stability of IBR-dominant grids is an active topic
today. For example, subsynchronous oscillations have been
observed in real-world photovoltaic power plants, and analyt-
ical verification and electromagnetic transient (EMT) studies
are performed to identify the sources of oscillations and in-
stabilities, including communication delays between the plant
controller and the inverter, high volt/var sensitivity at higher
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Fig. 1: Overview of the state-of-the-art power system stability anal-
ysis for IBR-dominant systems [1].

power levels, and inverter control and grid impacts [2]. Small-
signal analysis-based stability studies are widely performed
for systems with grid-forming (GFM) and grid-following
(GFL) IBRs, and eigenvalues are computed to investigate the
stability of power systems with varying control parameters
and operation modes for IBRs [3]. The large-signal nonlinear
state-space model for IBR-dominant microgrids is developed
in [4], and Lyapunov-based stability sensitivity analyses are
performed under three dynamic events to identify the solutions
for stability improvement, e.g., inverter droop control. The
geometric method is similar to the Lyapunov-based approach;
it uses the joints of the stable manifolds of the unstable points
to determine the stability region of a system [5]. This is an
evolving research area, and increasingly advanced stability an-
alytical methods, tools, and frameworks (e.g., stability indices
and system strengths) are being researched and developed
to improve the robustness and scalability of the developed
approaches. Reference [1] gives an overview of the state of
the art in stability analysis in IBR-dominant systems; the
summarized techniques are presented in Fig. 1.

Among all the approaches, the positive-/negative-sequence
impedance-based approach has been widely used in academia
and industry as an effective stability analysis tool for
IBR-dominant systems. Reference [6] comprehensively illus-
trates the common impedance-based approaches, including
impedances in the d-q domain, the sequence domain, and
the phasor domain. Validation examples through EMT and
controller-hardware-in-the-loop-based simulations are given
for each method to show their pros and cons. Further,
impedance-based approaches provide insight into an IBR’s
damping capability when the IBR can be formulated as a
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second-order system based on the transfer function [7]. This
shows promising applications and requires more research
work as increasingly more grid codes and/or interconnection
agreements require GFL/GFM IBRs to provide active damping
capability. Moreover, the entire class of passivity-based stabil-
ity analysis, as referred in [8], uses the equivalent impedance
model of IBRs connected to the grid in series with a equivalent
grid impedance. The main contributions of this article are
summarized as follows:

e This article measures the positive-sequence impedance of
a hardware device in a large-scale laboratory environment.
Various types of hardware components are characterized,
including GFL IBRs, GFM IBRs, and diesel generators. Docu-
menting the nature and characteristics of the positive-sequence
impedances of these power system components will provide
the platform for further analyzing the impedance/admittance-
based passivity analysis for assessing the system stability with
such components under operation.

e This article provides some fundamental insights based on
observations from various outcomes of the hardware experi-
ments, including the equivalent positive-sequence impedance
of a combination of multiple hardware components (GFM
IBRs, GFL IBRs, diesel generators), empirical computations
of positive-sequence impedances of such combinations, etc.

e This article provides insights on the damping capability
of various active components (GFM IBRs, GFL IBRs, and
diesel generators) using the positive-sequence impedance scan
approach on the hardware testing data.

II. COMPUTATION OF POSITIVE-SEQUENCE IMPEDANCE
OF DEVICE UNDER TEST

A. Hardware Setup Under Study

Fig. 2 shows the overall laboratory-based experimental setup
that is used for scanning the frequency response of the DuTs:
two 3-¢, 480 V, 60 Hz commercial GFM IBRs (one of 250
kVA and another of 125 kVA rating), one 3-¢, 480 V, 60 Hz
commercial GFL IBR (of 125 kVA rating), and a 3-¢, 480
V, 60 Hz commercial diesel generator (of 187.5 kVA rating).
A 4-quadrant controllable voltage source-based grid simulator
with sufficient power capacity and operating in sinking mode is
used to generate the perturbed voltage waveform across DuTs.

B. Testing Approach for Impedance Scan
It is common practice to apply a perturbed voltage signal
across the DuT and measure both the terminal voltage, vapc,
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Fig. 4: A sample voltage waveform perturbed with f;, = 1231 Hz of
5% of the fundamental waveform and the corresponding steady-state
output current response of the GFL IBR-based DuT.

and the resulting output current, i,y,., of the DuT to estimate
the output impedance. As shown in Fig. 2, a real-time sim-
ulator is used to generate the perturbed voltage signal using
the internal control blocks. Then, the perturbed signal can be
brought out and sent to a power amplifier (grid emulator of
Fig. 2), across which the DuT is connected. For each test,
the perturbed voltage waveform contains: 1) the fundamental
signal at the rated voltage (480 V line-to-line) and frequency
(60 Hz) and 2) the harmonic signal of the magnitude of h% of
the rated voltage (480 V line-to-line) at f;, Hz. For GFL IBRs,
the magnitude of the harmonic component is selected as 5%
(h = 5) and 1% (h = 1) of the fundamental waveform for the
GFL IBR-based DuT and the GFM IBR/diesel generator-based
DuT, respectively. It is important to mention here that the safe
amount of perturbation is required to be judiciously selected
based on the nature of the DuT (controlled current and voltage
source for GFL and GFM units). It observe that when the DuT
is GFL unit and GFM unit, the amount of perturbation can be
selected up to 5% and 1% of the rated voltage without harming
or causing IBR tripping, respectively. As shown in Fig. 3, the
harmonic spectrum covers all subharmonic, interharmonic, and
higher harmonic components from f;, = 3 Hz to f, = 1957
Hz. For instance, Fig. 4 shows a sample voltage waveform
perturbed with f, = 1231 Hz of 5% of the fundamental
waveform and the corresponding output current response (in
steady state) of the GFL IBR-based DuT. During each test,
the DuTs are always operated at 50% of the rating. All DuTs
are individually tested as well as all together.

C. Calculation of Positive-Sequence Impedance Model
The instantaneous terminal-phase voltages of the DuT are
denoted as v, (t), vp(t), and v.(t); and the instantaneous phase

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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Fig. 5: The measured positive-sequence impedances of the DuTs measured individually.

currents are denoted as i,(t), i,(¢), and i.(¢). The DuT was
initially operating in steady state at its nominal fundamental
frequency, fr (Hz), and it is disturbed from its steady-state
operation by injecting a small-signal perturbation in wv,(t),
vp(t), and v.(t) at the positive-sequence frequency, fp. For
linear analysis for a balanced steady-state operation of the
DuT, the phase voltages of the DuT output in the time domain
can be written as [9]-[12]:

va(t) = Vg cos(wrt + gZ)vR) + Vp cos(wpt + (;55),

2 2

vp(t) = Vi cos(wrt — g + (bf”) + Vp cos(wpt — g + ¢5),
2 2

ve(t) = VR cos(wrt + ?ﬁ + o) + Vp cos(wpt + g + 6%,

where Vr and Vp are the amplitude of the voltage at the funda-
mental frequency, wg := 27 fr, and at the positive-sequence
perturbed frequency, wp := 27 fp; and ¢Y and ¢¥ are the
initial phases of the fundamental and the positive-sequence
perturbed signal. In other words, the phase voltage (for instant
phase-a) in the frequency domain, V,(s), can be written as
Va(s) = (Va/2)ed® for s = jwr and Vi(s) = (Vp/2)ed%
for s = jwp. As a result, the positive-sequence perturbation
component of the voltage Vp := V,(jwp). The resulting
1a(t), ip(t), and i.(t) can be similarly described. With this
representation, the small-signal equivalent positive-sequence
impedance of the DuT can be formulated as Zp(s) := Vp /Ip.

III. LABORATORY-BASED TESTING RESULTS

A. Results for Individual DuTs Tested Separately

Based on the theoretical underpinnings discussed in Sec-
tion II-C and the followed approach, the positive-sequence
impedance of the DuTs at different perturbation frequencies
are individually measured, as shown in Fig. 5. The measured
magnitude of the positive-sequence impedance, |Zp| (in dB),
of the GFM IBR of 125 kVA, the GFM IBR of 250 kVA, the
GFL IBR of 125 kVA, and the diesel generator of 187.5 kVA
are shown in Fig. 5(a), Fig. 5(b), Fig. 5(c), and Fig. 5(d),
respectively. Similarly, the measured phase of the positive-

3

sequence impedance, ZZp (in deg), of the GFM IBR of 125
kVA, the GFM IBR of 250 kVA, the GFL IBR of 125 kVA,
and the diesel generator of 187.5 kVA are shown in Fig. 5(e),
Fig. 5(f), Fig. 5(g), and Fig. 5(h), respectively. In all these
figures, the blue circled data are the values computed based
on the DuT measurements. Based on the measured data of the
magnitude, |Zp|, and phase, Z/Zp, of the positive-sequence
impedances of the different DuTs, the best-fit transfer func-
tions are estimated using the ‘#fest’ command of the ‘System
Identification Toolbox’ of MATLAB. In the same figure, the
Bode plots of the estimated transfer functions (piece-wise)
are also shown in red. It is observed that the nature of the
positive-sequence impedance transfer function, Zp(s), for the
GFM IBR of rating 125 kVA is quite similar to that of the
GFM IBR of rating 250 kVA. This observation demonstrates
that the control functionality for GFM inverters (i.e., droop
law-based control, outer-voltage inner-current control) along
with the filter parameters for a generic GFM IBR ensure a
particular nature of the Zp(s), which is independent of the
rating of the IBR. It is also observed that though the diesel
generator, by operation, works as a grid-forming entity, the
nature of Zp(s) is quite different than that of the GFM IBRs.
The fundamental reason is that the leakage reactance of the
electrical machine (in this case, a synchronous machine-based
diesel generator) along with the droop-based load-frequency
control and automatic voltage regulator control change the
nature of the the Zp(s). Although the GFM IBR has the same
filter parameters, the phase-locked loop (PLL) control for the
GFL IBR causes the different nature of the Zp(s).

B. Results for Individual DuTs Tested Together

Similarly, using the same theoretical underpinning and the
followed approach, the positive-sequence impedance of the
DuTs at different perturbation frequencies are individually
measured when all DuTs are connected in parallel, as shown
in Fig. 6. Note that in this test the harmonic spectrum cov-
ers various subharmonic, interharmonic, and higher harmonic
components from f;, = 3 Hz to 477 Hz. The blue circled data

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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Fig. 6: The measured positive-sequence impedances of individual DuTs when all are connected in parallel.

TABLE I: Non Piece-wise Transfer Functions of Each DuT with Frequency Range Around Fundamental and Equivalent Damping Coefficients.

DuT Non-piece-wise Transfer Function FitPercent DuT Damping
4 _ _ 2 3 du
p—— 0.51357(s + 1.116 x 10%)(s + 2591)(s — 2286) (s — 47.47) (s> + 3.287s + 1.524 x 10°) 96.87% JE— ¢dut
(52 + 256.35 + 1.432 x 105)(s2 + 883.7s + 1.318 x 108)(s2 + 4.365s + 1.496 x 108) ~0.34
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are the values computed based on the DuT measurements. The 0 [Eq 2Tt () / 60 iy 3y
measured magnitude of the positive-sequence impedance, | Zp| = ;}m o / | s ‘218 TN L
. = > s D ) z °
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: —=.-15 y Tot,est
kVA, the GFL IBR of 125 .kVA, and .the diesel generator of N el W -20EI42p
187.5 kVA, are shown in Fig. 6(a), Fig. 6(b), Fig. 6(c), and -20 N7 N —405425‘””“
Fig.. §(d), respectiyely. Similarly, thf.: measured phase of the T TR 00100 00 108
positive-sequence impedance, ZZp (in deg), of the GFM IBR Frequency [Hz| Frequency [Hz|
of 125 kVA, the GFM IBR of 250 kVA, the GFL IBR of (a) b

125 kVA, and the diesel generator of 187.5 kVA, are shown
in Fig. 6(e), Fig. 6(f), Fig. 6(g), and Fig. 6(h), respectively.
An important observation is made here that the nature of the
positive-sequence impedance, Zp(s), of individual DuTs looks
quite similar when the perturbation test is conducted separately
to the DuTs (as shown in Fig. 5) and separately while all
are connected in parallel (as shown in Fig. 6), especially the
nature of Zp(s) in a low-frequency spectrum (up to 477 Hz). It
demonstrates that the nature of the Zp(s) of individual DuTs
is agnostic to the other DuTs when connected with the system
in parallel. Based on the measured data of the magnitude, | Zp|,
and phase, /Zp, of the positive-sequence impedances of the
different DuTs, the best-fit transfer functions (piece-wise) are
similarly estimated here, as shown in red. These estimated
transfer functions are defined here as Z5™! (s) for GFM IBR

Pest
1, Z8™2(s) for GFM IBR 2, 28"  (s) for GFL IBR, and

ng‘e’ifi(S) for diesel generator.

4

Fig. 7: The (a) magnitude, |Zp| (in dB), and (b) phase, ZZp (in
deg), of the positive-sequence impedance of combined DuTs.

C. Observation and Insights

The measured magnitude and the phase of the positive-
sequence impedance, defined as ZgOt’m(s), at different pertur-
bation frequencies for all the DuTs together (i.e., combination
of the one GFM IBR of 125 kVA, one GFM IBR of 250
kVA, one GFL IBR of 125 kVA, and one diesel generator of
187.5 kVA) are shown in Fig. 7(a) and Fig. 7(b), respectively.
Note that in this test the harmonic spectrum covers various
subharmonic, interharmonic, and higher harmonic components
from f, = 3 Hz to f;, = 477 Hz. In all these figures, the blue
circled data are the values computed based on the measure-
ments. Based on the measured data of the magnitude, |Zg°t7m l,
and phase, AZE"““, of the positive-sequence impedances of
the combined DuTs, the best-fit transfer functions are also
estimated here using the same ‘tfest” command of the ‘System
Identification Toolbox’ of MATLAB. In the same figure, the

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



Fig. 8: Parallel connection of multiple DuTs with Zp(s).

Bode plots of the estimated transfer functions are also shown
in red. This estimated transfer function is defined here as
ngzfst(s). Now, according to Fig. 8, the equivalent positive-
sequence impedance of the combined DuTs when connected
in parallel to each other can be formulated as:

ot,es fm fm iese
th t(s) :Zlég’,csi(s)nzlég),cs%( )||ZP cst( )||2’7]E’1 cstl( )
—1

[ Lo,
- fm1 fm?2 diesel
ZPg’,cst (S) Zl%,cst (8) ZP cst( ) ZP ,est ( )

The Bode magnitude and phase plot of the computed
ZgOt’CSt( ) are also shown in Fig. 7(a) and Fig. 7(b) in green.
The small mismatch between Z5°"™(s) and Z5°"*(s) is
mainly due to the accumulated errors in the estimation method
in the curve fitting, as tabulated in Table I. It is observed that
the nature of Z1°"°*" of the combined DuTs is quite similar to
that of the equlvalent positive-sequence impedances, ZTOt m
It demonstrates that the positive-sequence impedance of the
DuT is agnostic to the other DuTs connected in parallel.

As shown in Fig. 5, Fig. 6 and Fig. 7, the positive-
sequence impedances exhibit a resonating peak behavior at
the fundamental frequency (wg = 2760). The wide nature of
the peak determines the equivalent damping of the resonance.
The closest non-piece-wise transfer functions of Z}%f’g;(s),
Zféfg;f( ). 28" (s) and Z15¢1(5) are tabulated in Table I. For
quantitative assessment of the estimation, the ‘tfest’ provides
a variable called, FitPercent:=100 x (1 — NRMSE)% where
NRMSE is the normalized root mean squared error, that
measure how well the response of the model fits the estimation
data, tabulated in Table I. It is important to mention here that
these transfer functions are non-piece-wise estimated transfer
functions which represent the piece-wise transfer functions of
Fig. 6 only inside the frequency-range around the fundamental
frequency, used in piece-wise transfer function computation.
Now, based on the estimated and best-fit transfer function for
each measured positive-sequence impedance, the equivalent
damping coefficient, ¢34t, for each individual DuT as well
as the combined DuTs can be computed. It is observed that
the equivalent damping coefficient, (I, for both commercial
GFM IBRs of 125-kVA and 250-kVA rating are 0.34
(2¢dutwr ~ 256.3) and ~ 0.31 (2(%twr ~ 225.1), re-
spectively, These are less than the other two DuTs, i.e., the

~
~

5

GFL IBR and the diesel generator. (&4* for GFL IBR and

the diesel generator are ~ (.78 (2§dutwR ~ b588.1) and
~ 0.91 (2¢%twr ~ 686.1), respectively. Note that of the

est W

four types of DuTs, the diesel generator exhibits the highest
equivalent damping in the positive-sequence impedance. This
also indicates the enhanced stability in the operation of the
diesel generator compared with the GFM and GFL IBR.

IV. CONCLUSION

Two GFM IBRs, a GFL IBR, and a diesel generator are con-
sidered as DuTs for the impedance scan using pure hardware
setup. By injecting perturbed voltage signals and by measuring
the current response, the positive-sequence impedances are
computed and the best-fit transfer functions are estimated that
closely resemble the measured data points. The key findings
of this study are: 1) the positive-sequence impedance of GFM-
IBR is agnostic to the power ratings and capacitive in nature at
fundamental frequency; whereas for GFL-IBR, it’s magnitude
is higher and less capacitive in comparison with GFM-IBRs;
for diesel generator the magnitude is higher compared with
GFM-IBRs, 2) the positive-sequence impedances measured
individually, when DuTs are connected in parallel and isolated
to each other, are similar in nature, and 3) diesel generator and
GFL-IBR provide more damping in the system than GFM-
IBRs. As future work, these measured impedances will be
utilized for impedance/admittance-based stability assessment
of power grids interfaced with IBRs and generators.
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