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Abstract—In this paper, we present two methods to identify
the admittance of a 2.3-MVA commercial grid-following inverter
through frequency-domain data and time-domain data. In ad-
dition to the well-known harmonic injection method to obtain
the admittance at frequency points followed by vector fitting, we
adopt a step response-based method where the step response data
of the converter are collected and their s-domain expressions
are obtained. In turn, the s-domain admittance model of the
converter is found. The two methods can be used for cross vali-
dation. Step responses and frequency-domain responses obtained
from the two methods are compared. Results show that the time-
domain data-based method leads to an admittance comparable
with that from the frequency-domain measurement in the range
less than 60 Hz. In addition, two insights are obtained from the
frequency-domain admittance measurements. First, when the dq-
frame is aligned to the point of common coupling (PCC) voltage,
the per unit DQ-domain admittance directly reflects operating
conditions. Second, existence of negative-sequence control can be
detected via sequence-domain admittances.

Index Terms—Admittance; grid-following inverter; frequency
scan; system identification

I. INTRODUCTION

MORE and more wind and solar are being integrated into
power grids. Unlike conventional generators, which

rely on a rotating magnetic field to convert mechanical energy
to electric energy and which can be directly connected to an ac
grid, solar and wind rely on power electronic converters as the
interface to the grid. They are called inverter-based resources
(IBRs).

High penetrations of IBRs significantly change grid dy-
namic characteristics. Unprecedented dynamics have occurred
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in power grids. Examples include 20–30-Hz oscillations that
occurred in 2009 and 2017 in Texas when wind farms ra-
dially connected to series capacitors [1], 9-Hz oscillations
that occurred in August 2019 in an offshore wind farm in
the United Kingdom before the power disruption [2], and
subcyle overvoltage dynamics that triggered large-scale solar
photovoltaic tripping in California in 2017 and 2018 [3].

A hurdle to the dynamic study of IBR grid integration
systems is that IBRs are black boxes because of proprietary
information; thus, impedance or admittance-based stability
analysis has become attractive for the grid industry because
impedance/admittance can be characterized via measurement
[1]. Impedance-based stability analysis has proven effective
for the evaluation of control interactions and stability problems
involving IBRs [4], [5].

This paper presents the admittance measurement of a
utility-scale 2.3-MVA inverter using a 13.8-kV/7-MW grid
simulator called the controllable grid interface (CGI) at the
Flatirons Campus of the National Renewable Energy Labora-
tory (NREL). The admittance of an inverter can be measured
by injecting voltage at different frequencies from its terminals
superimposed on the voltages at the fundamental frequency.
Such perturbations excite the inverter dynamics over a broad
frequency range. In the literature, this method is referred to as
the well-known harmonic injection method or the frequency-
scanning method [6], [7].

The sine-signal injection frequency-domain measurement
is known for accuracy. However, it is also known as
time consuming. Thus, we also implement a time-domain
measurement-based method, which relies on step response data
generated by two experiments at minimum. The concept of the
method has been presented in [8], along with demonstrations
in computer simulation environment. This paper reports the
first-time implementation of the proposed time-domain method
in a MW-level hardware test bed.

With two measurement methods, cross validation is con-
ducted via two approaches. In the first approach, vector fitting
[9] is applied to fit the frequency-domain measurement to a
linear model. This model is then subject to step changes. Its
step responses are compared with the time-domain measure-
ment data.

In the second approach, system identification is carried out
using the time-domain data to lead to an admittance model.
The frequency-domain responses of the admittance model are
compared with the frequency-domain measurements.
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In the second approach, time-domain measurement data-
based model identification is used to find the DQ-domain
impedance. This method is more efficient because it requires
only two experiments at minimum, as shown in [10]. In
[10], two sets of event data are recorded following post-
processing to filter out noise. The data are then fed to a system
identification algorithm: the output error method. This leads
to an input and output model. However, an excellent match is
still lacking, as shown in the comparison results in Fig. 8 of
in [10].

Most recently, a time-domain data-based method relying
on subspace identification was proposed in [8], [11]. It was
shown to arrive at an excellent match for the model output
versus the measurement data. Tests have been conducted for
data generated from electromagnetic transient simulation test
beds. In this research, this method will also be adopted for
admittance measurement for the 2.3-MVA inverter.

Thus, the main work of this paper is to identify the
DQ-domain admittance of a 2.3-MVA inverter using both
frequency-domain data and time-domain data.

Because admittance is essentially a linearized model based
on an operating condition, different operating conditions have
been considered in the measuring process, and their influence
on admittance is demonstrated and analyzed. It is found
that for DQ-domain admittance, low-frequency admittance
response indeed reflects the operating condition. In addition,
whether unbalanced control has been included can be predicted
from the admittance models.

The contribution of this paper is twofold.
• We not only obtain frequency-domain admittance mea-

surement data of a 2.3-MVA commercial converter at
various operating conditions using advanced hardware,
but also draw two important insights from the per unitized
frequency-domain admittance measurements. The first
insight is that the low-frequency admittance measurement
in a dq-frame aligned to the PCC voltage directly reflects
P , Q operating conditions. The second insight is that the
existence of the unbalanced control can be detected after
converting the DQ-domain admittance to the sequence-
domain admittance.

• We implement a transient response data-based admittance
model identification method in a MW-level hardware test
bed. Compared to the frequency scanning method, the
proposed method requires few experiments. This research
leads to valuable experience in utilizing transient response
data for admittance identification in real world. Further,
feasibility and limitations of the time-domain method are
identified.

To the best of the authors’ knowledge, the two insights
have not been stated in the state-of-the-art. In addition, the
transient response data-based method is not a conventional
wide-band signal injection method seen in the literature. The
existing methods relying on wide-band signal injections, e.g.,
impulse signal [12], [13], chirp signals [14], pseudo-random
binary sequence signals [15], and ternary-sequence signals
[16], can be classified as frequency-domain methods since
discrete Fourier transform (DFT) is used to obtain frequency-
domain data.

A significant difference between the proposed time-domain
method versus those frequency-domain methods is that Fourier
transform of measurement data is not used. The prposed
method views the transient response data as the output of
a linear time invariant (LTI) dynamic system expressed as
ẋ = Ax. It relies on data analytics methods, e.g., dynamic
mode decomposition (DMD), to extract the LTI system in-
formation from a large-size data Hankel matrix. This Hankel
matrix is based on time-domain measurements. The informa-
tion obtained from DMD includes the system matrix A, its
eigenvalues, and residues. With the information of the LTI
model, s-domain expressions of measurement data are found.
In the experiment design, with the voltage perturbation’s s-
domain expressions known and the current response s-domain
expressions found, admittance models are identified.

The remainder of the paper is organized as follows. Section
II describes the measurement test bed. Section III presents
the frequency-domain and time-domain measurement data.
Section IV presents the cross-validation results. Section V
presents insights obtained from the admittance responses.
Section VI concludes this paper.

II. THE MEASUREMENT TEST BED

A 2.3-MVA inverter driven by a 1-MW battery will be
measured for its admittance. The control structure of the
inverter is not known. The inverter can follow real power
order and reactive power order. Thus, this converter is a grid-
following voltage source converter operating in real power and
reactive power regulation mode.

This converter is connected to a 13.8-kV/7-MW grid sim-
ulator, or the CGI [17], via a 400-V/13.2-kV 1-MVA step-up
transformer. The CGI is operating at 13.2 kV. Fig. 1 presents
the measurement test bed constructed at NREL. The circuit
parameters are given in the caption. The measurement point
is at the grid bus or at the CGI and the dq-frame is chosen to
be aligned with the measurement point voltage exactly or the
PCC voltage approximately; thus, the admittance includes the
RC filter at 13.2 kV, the transformer, and the shunt cap at 400
V.

T1

1 MVA

400 V: 13.2 kV

VPCC
I1

L1 R1

GSC

P
GSC 

Control

i1,abc vPCC,abc

vabc

Q

13.2 kV

Grid

VgV

Converter
PCC Meaurement point

P

Q

C1

RC 

filter

Fig. 1: The admittance measurement test bed. The dq-frame is aligned with
the grid voltage. The RC filter parameters are: R = 15 Ω, and C = 6.39µF.
The transformer’s per-unit impedance is 0.02+j0.0721. The 400-V capacitor
parameter is 444 µF. The RL filter parameters are R1 = 0.001 Ω and L1 =
46 × 10−6 H.
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Per-unit analysis is conducted for the circuit for a power
base of 1-MVA. For the 13.2-kV system, the RC filter’s
admittance per-unit value is:

YRC =
Zb

R− jXc
=

13.22

1

15− j 1
377×6.39×10−6

(1)

= 0.0151 + j0.4192.

Thus, at the nominal voltage, the reactive power sent by the
RC filter is approximately 0.4 p.u. or 400 kVAr.

1) Grid Simulator: The CGI at NREL is shown in Fig.
2. It is rated for 13.8-kV, 7-MVA continuous power, and it
has a 39-MVA short-term rating for 2 seconds. It is custom-
designed based on ABB’s ACS6000 industrial-grade medium-
voltage drive technology. It features a 9-MVA active rectifier
unit at the utility side that regulates the intermediate dc bus
voltage. The controllable grid is established by four front-end
neutral-point-clamped inverters, each with a rated output of 3.3
kV, connected in parallel. A specialized multi-winding output
transformer, also shown in Fig. 2, is used to synthesize 17-
level low-distortion voltage waveforms by combining three-
level phase voltages from the inverters. The transformer also
steps up the voltage to 13.8 kV. The CGI is designed to si-
multaneously meet the following requirements: multimegawatt
power rating, sub-1% total harmonic distortion in the voltage
waveforms, and an extremely fast response time of less than 1
ms. The fast dynamics of the CGI enable it to behave like an
ideal voltage source that can be used for transient experiments
and to inject perturbations over a broad frequency range for
impedance measurements. The control system of the CGI is
coupled with a Real-Time Digital Simulator (RTDS), which
can provide dynamic voltage references for all three phases
and the neutral wire for different grid integration tests; the
desired perturbation for admittance measurement of the 2.3-
MVA inverter is configured inside the RTDS.

Grid-side
transformer

Output
transformer

4 NP-VSC
in parallel

ARU +

Fig. 2: T13.8-kV/7-MVA grid simulator, called a controllable grid interface
(CGI), custom designed using ABB’s medium-voltage ACS6000 drive tech-
nology. Source: Mark McDade, NREL.

III. MEASUREMENT DATA: FREQUENCY-DOMAIN AND
TIME-DOMAIN

A. Frequency-Domain Measurements

Fig. 3 presents the Bode plots of the dq-admittance mea-
sured by the CGI at four different operating conditions. This
admittance is viewed at the CGI, and thus it includes the effect
of the RC filter. The CGI sets the supplying voltage in steady-
state as 1 0 p.u.. The four operating conditions are:

• Case 1: P = 0 kW, Q = 0 kVAr
• Case 2: P = 500 kW, Q = 0 kVAr
• Case 3: P = 0 kW, Q = 500 kVAr
• Case 4: P = 1000 kW, Q = 0 kVAr
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Fig. 3: The measured DQ-domain admittance after being per unitized. The
four operating conditions are represented by different colors —Case 1: black.
Case 2: green. Case 3: blue. Case 4: red.

The effect of the RC filter can be easily removed by
subtracting the RC filter’s admittance from the measured
admittance. Fig. 4 presents the DQ-domain admittance viewed
at the measurement point.

B. Time-Domain Measurement Data

The experiments are designed for three operating condi-
tions: Case 1, Case 2, and Case 3. For each operating condi-
tion, two experiments are conducted for the same step change
size: vd step-down and vq step-up. For each experiment,
currents flowing out of the converter, id and iq , are recorded.
A series of step change sizes are used: 1%, 2%, 5%, 10%,
15%, 20%, 30%, 40%, and 50%.

The CGI outputs three-phase voltages with the magnitude
and angle programmable. In the initial steady state, the CGI’s
voltage is operating in nominal condition with the phase angle
at 0. To have a 10% vd step-down, the magnitude of the voltage
will be changed from 1 to 0.9. In order to have 10% vq step-
up, both the magnitude and the angle need to be changed. As
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Fig. 4: The DQ-domain admittance viewed at the measurement point.

shown in the following, the magnitude is increased from 1 to
1.005, and the angle increases from 0 to 5.7◦:

V = 1 + j0.1 = 1.005 5.7◦. (2)

Fig. 5 presents the input and output data for the experiments
in the Case 1 operating condition when the inverter delivers 0
real and reactive power. The presented data are the filtered data
after a third-order Butterworth filter with 500-Hz bandwidth.

Results show that in the initial condition, the CGI voltage
is at vd = 1 and vq = 0. Fig. 5(a) presents the vd step change
data, and Fig. 5 presents the vq step change data. Three step
sizes are used: 5%, 10%, and 15%.

IV. CROSS VALIDATION

A. First Approach: Step Response Comparison

1) Vector-Fitting Results: For each operating condition,
approximately 50 measurement frequency points are selected
to conduct harmonic injection, time-domain data recording,
and Fourier transformation. The resulting admittance is a set
of measurement points instead of a linear model. To arrive at
a linear state-space model or a transfer function matrix, the
vector-fitting method [9] is applied to the measurement data.
The MATLAB toolbox is available in the public domain for
research. A system can be represented as a transfer function
matrix with each transfer function represented by a numer-
ator and a denominator. Both numerator and denominator
are polynomials of the Laplace operator, s. Vector fitting is
essentially a least-squares estimation method to estimate the
numerator and denominator’s coefficients by minimizing the
sum of the squared errors between the model output and the
measurements.

To start the method, the model’s order or the system’s rank
is first chosen along with the poles of the system. Through
iterations, the model and the measurement data achieve a
high-degree match. In this example, the four linear systems
corresponding to the four operating conditions are found using
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0.8

0.9
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1.9 1.95 2 2.05 2.1 2.15 2.2 2.25 2.3
-0.1

0

0.1

0.2
Vq[pu] pu=7620V
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Fig. 5: (a) Event 1: step change in vd. (b) Event 2: step change in vq .

the Ydd, Ydq , Yqd, and Yqq measurement data. The orders of
the systems are all assumed to be 16.

Fig. 6 presents the comparison between the admittance
model obtained from vector fitting and the measurement data.
As shown, high-degree matching is obtained.

2) Comparison with the Time-Domain Data: Fig. 7 presents
the comparison of the measured step response data for the
10% and 20% step changes and the step response generated
by the models obtained after vector fitting. Results show that
the models generate comparable step responses.

B. Second Approach: Frequency-Domain Response Compari-
son

In this approach, the admittance models will be identified
based on the measured step response data. Our approach is to
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Fig. 6: Comparison of the admittance model from vector fitting and the admittance measurement points. Solid lines: vector fitting. Crosses: discrete frequency-
domain measurements.

find the s-domain expression of the currents using the system
identification algorithm. Because the inputs are voltage step
changes with their transfer functions known, the s-domain
admittance can be found by using the following procedure.

The inverter’s current flowing out and its terminal voltage
are related to its admittance as follows:[

−id(s)
−iq(s)

]
=

[
Ydd(s) Ydq(s)
Yqd(s) Yqq(s)

]
︸ ︷︷ ︸

Y

[
vd(s)
vq(s)

]
, (3)

where Y is the admittance of the inverter.
For Event 1, we have vq not perturbed but vd perturbed with

a step-down change −p
s where p is the perturbation size. Then

the resulting responses, i(1)d (s) and i(1)q (s), should reflect the
first column of the Y matrix: Ydd(s) and Yqd(s).

[
−i(1)d (s)

−i(1)q (s)

]
=

[
Ydd(s) Ydq(s)
Yqd(s) Yqq(s)

] [
(−p/s)

0

]
=

[
Ydd(s)
Yqd(s)

]
−p
s
(4)

Similarly, for Event 2 where vd is not perturbed while vq
is perturbed with a step-up change p

s , the relation becomes:[
−i(2)d (s)

−i(2)q (s)

]
=

[
Ydd(s) Ydq(s)
Yqd(s) Yqq(s)

] [
0

(−p/s)

]
=

[
Ydq(s)
Yqq(s)

]
−p
s
.

(5)
Thus,

Y =
s

p

[
i
(1)
d (s) −i(2)d (s)

i
(1)
q (s) −i(2)q (s)

]
, (6)

where the superscript (i) notates events.
To find the s-domain expressions for the four currents,

system identification algorithms will be applied. Ho and
Kalman, in 1965 [18], have discovered the seminal state-space
realization theory: from measurement data, an LTI system’s
state-space model can be recovered.

We view the linearized models for the same operating
condition subject to Event 1 and Event 2 are the same. Thus,
we may use the four measurements i(1)d (t), i(1)q (t), i(2)d (s) and
i
(2)
q (s)generated from vd perturbation and vq perturbation to

identify an LTI model. In addition, data from both 5% and 10%
perturbation levels are used. Thus, the data Hankel matrix has
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Fig. 7: Comparison of step responses: measurement (left panel) and the
output of the fitted model based on the frequency-domain data (right panel).
Operating condition: Case 3, P = 0, Q = 0.5 p.u..

a row dimension of 8. Its column dimension is same as the
number of samples.

The sampling frequency 5,000-Hz and 0.8-second data
starting from t = 2 are used. The resulting column dimension
is 4,000. In this research, the DMD algorithm is applied to
deal with the data matrix and leads to a system matrix A.
Eigenvalues of A are associated with the dynamic modes of
the step response data.

This algorithm was proposed by P. Schmid in 2010 for fluid
dynamics analysis [19]. DMD has been applied to real-world
phasor measurement unit data collected by ISO New England
to identify dynamic modes and reconstruct the measurement
[20]. The tool has shown efficacy in identifying modes and
reconstructing signals with excellent matching based on the
identified modes and their residues.

The main idea of DMD is that the dynamic system under
study (in this case, the inverter) is in fact of low order. From
the measurement data, a Hankel matrix with a large dimension
is formed. This Hankel matrix is closely associated with the
system dynamic matrix with a low order; thus, through matrix
decomposition using singular value decomposition (SVD) and
by keeping only the first n singular values and the associated
SVD unitary matrices, a low-rank data matrix is constructed.
Further, the system dynamic matrix A can be recovered by
factorizing the low-rank matrix. Readers may refer to [8] and
[20] for details of data analytics.

The time-domain expression of a time-domain response x(t)
can also be constructed using the eigenvalues and eigenvectors
of A:

x(t) =

n∑
j=1

φje
ωjtbj = ΦeΩtb. (7)

where Ω is a diagonal matrix that contains the continuous
eigenvalues ωj ., φ is the right eigenvector matrix of A, and
b is the initial state projected to the eigenvector basis ( b =
Φ−1x0, where x0 is the initial state).

The eigenvector matrix, Φ, the eigenvalue matrix, Ω, and
the initial state projected to the eigenvector basis, b, will all
be identified from the measurement data by DMD.

With the DMD’s outputs, Φ, b, and Ω, it is easy to
reconstruct the input measurement data using (7) as well as to
find the s-domain expression of kth measurement signal as

xk(s) =

n∑
j=1

φkjbj
s− ωj

. (8)

where φkjbj is the residue of the jth eigenvalue ωj , n is the
order of the system.

Fig. 8 presents both the measurement data (solid lines) and
the reconstructed signals (dotted lines). An excellent match
has been achieved. With the s-domain expressions for currents
found, the admittance model can also be found using (6).

The resulting frequency-domain responses of the admittance
models for three operating conditions are compared with the
frequency-domain measurements, as shown in Fig. 9.

Remarks:
• Results show that in the frequency range less than 60 Hz,

the time-domain data-based admittance models have com-
parable frequency-domain responses with the frequency-
domain measurements.

• Mismatch is obvious for frequency ranges greater than
60 Hz.

• If admittance at a frequency range is small, the time-
domain based method leads to more error. This is reason-
able because smaller admittance leads to indistinguish-
able current responses from noise.

V. INSIGHTS OBTAINED FROM THE DQ-DOMAIN
ADMITTANCE MEASUREMENTS

A. Insight 1: Admittance at Low-Frequency Range Directly
Reflecting Operating Conditions

In the dq-frame, the active power, P , and reactive power,
Q, exported by the converter and measured at the PCC bus
can be expressed as follows:{

P = vdid + vqiq

Q = −vdiq + vqid
(9)

where v and i are the PCC bus voltage and the current
measured at the PCC bus.

By linearizing P and Q, the small-signal model is:[
∆P
∆Q

]
=

[
id iq
−iq id

]
︸ ︷︷ ︸

G1

[
∆vd
∆vq

]
+

[
vd vq
vq −vd

]
︸ ︷︷ ︸

G2

[
∆id
∆iq

]
(10)

If we assume that the dq-frame’s d-axis is aligned with the
PCC voltage’s space vector, then vd = V , vq = 0, where V is
the magnitude. Also, according to (9), id = P

V , iq = −Q
V . If

the converter is in PQ control mode, in steady state, ∆P = 0
and ∆Q =0.

Eq. (10) becomes the following.[
0
0

]
=

1

V

[
P −Q
Q P

]
︸ ︷︷ ︸

G1

[
∆vd
∆vq

]
+

[
V 0
0 −V

]
︸ ︷︷ ︸

G2

[
∆id
∆iq

]
(11)



7

0 0.02 0.04 0.06 0.08 0.1
-0.2

0

0.2

0.4
i d(1

)
Case 1

0 0.02 0.04 0.06 0.08 0.1
-0.4

-0.2

0

0.2

i q(1
)

0 0.02 0.04 0.06 0.08 0.1
-0.2

-0.1

0

0.1

i d(2
)

0 0.02 0.04 0.06 0.08 0.1

Time (s)

-0.4

-0.2

0

0.2

i q(2
)

10%

5%

(a)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
0.4

0.6

0.8

1

i d(1
)

Case 2

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
-1

-0.5

0

0.5

i q(1
)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
0

0.5

1

i d(2
)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time (s)

-0.4

-0.2

0

0.2

i q(2
)

10%

5%

(b)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
-0.5

0

0.5

i d(1
)

Case 3

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
-1.5

-1

-0.5

0

i q(1
)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
-1

-0.5

0

0.5

i d(2
)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time (s)

-1

-0.5

0

i q(2
)

10%

5%

(c)

Fig. 8: Comparison of measurement data (solid lines) and the reconstructed signals (dotted lines). Blue: 10% perturbation. Red: 5% perturbation. (a) Case 1.
(b) Case 2. (c) Case 3. Excellent matching is achieved.

Thus, the admittance can be found from (11):

0 =
1

V 2

[
P −Q
−Q −P

]
︸ ︷︷ ︸

YVSC

[
∆vd
∆vq

]
+

[
∆id
∆iq

]
(12)

YVSC =
1

V 2

[
P −Q
−Q −P

]
, ZVSC =

V 2

|S|2

[
P −Q
−Q −P

]
(13)

Remarks: Equation (13) indicates that in steady state, i.e.,
60 Hz in the static frame and 0 Hz in the dq-frame, the DQ-
domain admittance directly reflects the operating conditions.

The admittance expression based on steady-state analysis
has been investigated in M. Belkhayat’s thesis [21]. Although
the analysis in [21] is in some ways similar to how we have
related the low-frequency response of DQ-domain admittance
with the steady-state P and Q values, the admittance expres-
sion in [21] is more complicated. The difference between the
analysis of [21] and ours lies in two aspects: (i) the assumption
of a general dq-frame versus a dq-frame aligned at the PCC
bus; (ii) the adoption of real-value versus per unit system.

In this research, we adopt per unit system and a PCC voltage
aligned dq-frame. Thus vq = 0 and the expression of admit-
tance is greatly simplified. To the authors’ best knowledge, we
have not seen anybody explicitly showing this relationship of
per-unit values of the admittance matrix at low frequencies
related to the per-unit values of P and Q. This insight is
valuable as it can directly show the effect of operation point
and also serve as a quick sanity-check tool for admittance
measurements.

As shown in Fig. 4 and Fig. 6, for Case 4 (P = 1 and
Q = 0), Ydd and Yqq at a very low frequency range (< 1 Hz)
have a magnitude of 0 dB or 1 p.u. For Case 2 (P = 0.5 and
Q = 0), Ydd and Yqq at a very low frequency range (< 1 Hz)
have a magnitude of −6 dB or 0.5 p.u. In addition, Yqq has
a phase angle of 180◦, wheras Ydd has a phase angle of 0.
Obviously, Ydd = P and Yqq = −P when the PCC voltage is
kept at nominal.

For both Case 4 and Case 2, the nondiagonal components
have very small magnitudes at the low-frequency range. This

fact corroborates Ydq = Yqd = −Q when the PCC voltage is
kept at nominal.

For Case 3 (P = 0 and Q = 0.5), Ydq has a magnitude
of −6.8 dB or approximately 0.45 p.u.; and Yqd has a
magnitude of −8 dB or 0.40 p.u. According to (13), these two
nondiagonal components should have a value of 0.5 p.u. at a
low frequency. Note that the admittance refers to the inverter
admittance viewed at the PCC point. On the other hand, the
measured admittance includes the effect of the transformer.
This causes the discrepancy.

For Case 1 (P = 0 and Q = 0), all four components at a
low-frequency range have very small magnitudes. The DQ-
domain admittance measurement corroborates the analysis.

B. Insight 2: Detection of Unbalanced Control via Sequence-
Domain Admittance

We further proceed to plot sequence-domain admittance
to develop more insights. The relationship between the DQ-
domain and sequence-domain admittance is as follows [22]:[

Ypp(s) Ypn(s)
Ynp(s) Ynn(s)

]
︸ ︷︷ ︸

Y m
pn

=
1

2

[
1 j
1 −j

]
︸ ︷︷ ︸

H

Y m
dq (s)

[
1 1
−j j

]
︸ ︷︷ ︸

H∗

. (14)

The sequence-domain admittance evaluated at ωp associates
the current phasors at positive sequence of ωp + ω1 and
negative sequence ωp − ω1 (where ω1 is the nominal angular
frequency and ω1 = 377 rad/s) with the respective voltage
phasors.

In the low-frequency range, the sequence-domain admit-
tance and impedance are expressed as follows:

Ym
pn =

1

V 2

[
0 P − jQ

P + jQ 0

]
(15)

Fig. 10 presents the sequence-domain admittance measure-
ments. In the low-frequency range, the diagonal components
have very small magnitudes, whereas the nondiagonal compo-
nents have magnitudes and angles corresponding to P − jQ
and P + jQ, respectively.

Finally, we examine whether unbalanced current control can
be reflected in the sequence-domain admittance.
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Fig. 9: Comparison of the admittance measurement and the admittance learned
from the time-domain data. The system order is assumed to be 16. Solid
lines: learned model from step responses. Crosses: discrete frequency-domain
measurements.
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Fig. 10: The sequence-domain admittance viewed at the measurement point.

In particular, we examine sequence-domain admittance at
120 Hz (ωp = 2π × 120 rad/s). This admittance associates
the two current phasors and two voltage phasors. The two
voltage (current) phasors are referred to the phasors at positive-
sequence 180 Hz and negative-sequence 60 Hz:[

Ip(j(ωp + ω1))
In(j(ωp − ω1))

]
=

[
Ypp(jωp) Ypn(jωp)
Ynp(jωp) Ynn(jωp)

] [
V p(j(ωp + ω1))
V n(j(ωp − ω1))

]
(16)

Unbalanced current converter control aims to reduce the
negative-sequence current component at 60 Hz when the volt-
age contains the negative-sequence component. This require-
ment indicates that the admittance associating the negative-
sequence 60-Hz current phasor with the negative-sequence 60-
Hz voltage phasor should be small. i.e., Ynn(s) evaluated at
120 Hz should be small.

In Fig. 10, for both Ypn and Ynn, the components of the
second column of the admittance matrix, a dip is shown at
120 Hz in the magnitudes. This indicates that the resulting
components in the current will be suppressed because of the
dip. The dip at 120 Hz observed in Ypn and Ynn also indicates
that unbalanced current control is in place.

VI. CONCLUSION

In this paper, a 2.3-MVA grid-following inverter operating
in real and reactive power regulation mode was measured
to arrive at its admittance models, under various operating
conditions. Two methods —frequency-domain based and time-
domain based —are used for cross validation. Both methods
can lead to linear models through either vector fitting of
frequency-domain data or the DMD-based method to fit the
time-domain data. From the frequency-domain admittance
measurements, insights of the inverter can be revealed, includ-
ing its operating condition and whether unbalanced control is
included.
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