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Abstract—With confidentiality constraints of detailed control
information of inverter-based resources (IBR), black-box models,
e.g., admittance/impedance models, obtained from measurements
are often used for stability analysis. This paper makes a further
inquiry: If stability analysis is possible with admittance models,
is it possible to produce time-domain simulation results with
admittance models only? One method adopted in the literature
is to create a linear state-space model for the entire system
by interconnecting components. The requirement for such an
approach is that each component’s model should be proper.
To relax this requirement, the current paper seeks an alternate
approach: direct conversion of frequency-domain data to time-
domain data via numerical Laplace transform (NLT). To begin
with, this paper presents NLT’s advantage over inverse fast
Fourier transfer (IFFT) using tutorial examples. This is followed
by an example of a type-4 wind farm weak grid operation
stability analysis and fast simulation using admittance models
obtained from measurements. It can be seen that frequency-
domain measurements, along with data fitting and NLT, lead to
not only stability analysis but also fast time-domain simulation
for stability demonstration.

Index Terms—Numerical Laplace transform; inverter-based
resources; admittance model; Fourier transform; transient anal-
ysis; oscillations.

I. INTRODUCTION

Higher inverter-based resources (IBR) penetration can lead
to many stability issues in real world, e.g., low-frequency
oscillation observed in type-4 wind farms with weak grid
interconnection [1]-[3] and subsynchronous resonances (SSR)
in type-3 wind farms when integrated to series compensation
[4].

IBR’s converter control info is technology proprietary.
Hence, the majority of the white box models used for IBR
in the literature, e.g., [5], [6], are based on speculation. To
tackle grid integration stability issues for a specific wind farm
or solar PV farm, black-box models, i.e., impedance or admit-
tance models, obtained from measurements, are generally used
[7]. Frequency scanning method [8] and transient response
measurement-based tools [9], [10] are usually adopted to
measure the IBR’s admittance.

Frequency scans results in each IBR’s admittance
frequency-domain measurement. Frequency-domain data fit-
ting methods, e.g., vector fitting [11], further convert the
measurement data into an s-domain model or a Laplace trans-
fer function matrix. The s-domain admittance model enables
stability analysis via closed-loop system eigenvalues [12].

In this paper, we investigate how to carry out fast time-
domain simulation using the s-domain admittance models.

Obviously, a critical step is to obtain the entire system’s
model, in s-domain or in linear state-space format. The linear
state-space format is preferred in the literature. Component
connection method (CCM) has been used by research groups
[13], [14] and consulting firms [15].

The CCM treats each component as a linear state-space
model with input and output specified. The entire system
will be created by interconnecting the components. A strict
requirement is that each component should have a proper
model. For example, R + Ls is not a proper model since it
has more zeros than poles. Therefore, special manipulation is
required for each case.

We approach the problem by a different method: direct
conversion of frequency-domain data to time-domain data. In-
verse fast Fourier transform (IFFT) is known for this function;
however, it has certain practical limitations (which will be
shown in Section III). Therefore, NLT will be adopted for
this goal.

With a given or measured impedance/admittance model,
this paper will introduce how to conduct fast time-domain
simulation.

For demonstration, a system of a type-4 wind farm with
a parallel connected STATCOM is used as an example. The
admittances of the wind farm and the STATCOM are first
identified via frequency scans. Their DQ admittance models
are estimated from measured data through vector fitting. Next,
the whole system’s admittance model is obtained. Finally, the
system time-domain responses are obtained using an NLT
routine. The proposed approach leads to an efficient and sim-



ple method of time-domain simulation-based demonstration
with frequency-domain measurement data given. Compared to
electromagnetic transient (EMT) testbed-based simulation, this
approach is very fast. [16] discussed the computational burden
benefits of NLT approach.

The rest of this paper is organized as follows. Section II
introduces the NLT routine briefly. Section III presents two
simple electric circuits as examples to illustrate the limitation
of IFFT method. Section IV presents the process of transform-
ing the frequency-domain data to time-domain data for the test
system. Finally, conclusions are drawn in Section V.

II. NLT ROUTINE

In this section, numerical Laplace transform (NLT) imple-
mentation will be introduced briefly. The reader can refer to
[17] for the details and coding.

The input data of NLT computation is equally-sampled
frequency-domain data, while the output is time-domain data.

For a given Laplace transfer function, e.g., F'(s), we may
set NV as the total number of samples in the time domain,
and T as the observation time. The sampling intervals for
frequency-domain and time-domain discretization are Aw and
At, respectively, which can be computed as follows.

At=T/N, Aw=n/T (1)

Using the intervals defined above, the discrete version of
f(t) and F(s) are given as

fo=f(nAt), forn=0,1,..N—1 )
Fopir = Flc+ j(2k + 1)Aw)), fork=0,1,..N —1
3

where c is a damping coefficient [18], defined as follows:

c=1n(N?)/T “)

The inverse numerical Laplace transform is defined by (5).

N—1
fo=Re{ Cp | Y Fopyroopae?>™/N ®)
k=0
where
C, = 2NeAted™/N Ay /7t (6)

The part inside the square bracket in (5) can be obtained
from IFFT [19]. And the window function coefficient ¢ in (5)
may adopt Hanning, Lanczos, and Blackman methods. The
major MATLAB coding is attached in the appendix.

III. EXAMINE NLT ON SIMPLE CIRCUITS

This section presents two simple examples to illustrate IFFT
and NLT application to transient analysis.

Fig. 1 shows a RLC circuit and a RL circuit in subplot (a)
and (b), respectively. Assume R = 0.3 Q, L = 0.5/wg H,

(a) (b)

Fig. 1: RLC and RL circuit

and C' = 0.4/wy F, where wy = 377 rad/s. Therefore, their
Laplace admittance in s-domain can be written as follows:

1

Yrrc = — 1 (7a)
R + LS + E
1
Y =
L™ R¥Ls (75)

A step change will be applied to the source voltage. Bode
plots of the current transfer function for the two circuits are
presented in Fig. 2.
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Fig. 2: Bode plots of (a) RLC and (b) RL circuit current response subject to
a step change in the voltage: Y/s.

With the given Laplace-domain transfer functions and dis-
cretized frequency-domain data, the time-domain discrete data
can be obtained via IFFT and NLT routine described in Section
II. The computed time-domain response is compared with the
transient responses obtained via MATLAB step function. All
those time-domain data are plotted together in Fig. 3.

From Fig. 3 (a) RLC circuit, it can be observed that both
IFFT and NLT methods can predict the exactly same time-
domain transient responses as the benchmarked step response.
From Fig. 3 (b), only NLT can produce the accurate time-
domain data in the RL circuit example. IFFT’s result does not
match the actual time-domain response.

The reason for this discrepancy is that the RL circuit’s
frequency-domain data have no limit in the low-frequency
range. This violates IFFT’s assumption. NLT introduces damp-
ing into the conversion process; thus, NLT gives accurate time-
domain results.
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Fig. 3: Time-domain current response of (a) RLC circuit and (b) RL circuit.

IV. TEST SYSTEM OF A WIND FARM WITH WEAK GRID
INTERCONNECTION

A type-4 wind farm with STATCOM is given in Fig.
4, which is built in MATLAB/SimPowerSystems platform.
Assuming that wind and STATCOM control structures and
parameters are unknown. We can treat them as two black-
boxes and perform frequency scans to obtain the frequency-
domain responses.

A. Admittance measurement

Fig. 5 shows the measurement test bed. The wind farm (or
the STATCOM) are connected to a controllable voltage source.
The fundamental components V; 49 and V; 4o ensure that the
wind side operation condition is constant as in Fig. 4. At a
frequency f;, a 0.1 pu voltage harmonic injection (V5 qinj) is
superimposed in the d-axis. Conversion between abc-frame
and a 60-Hz dg-frame is based on the angle wyt. Next, the
phasor at frequency f; is extracted via Fourier transform
from the measured current in the dg-frame. The admittance
left column Yiina,aa(fi) and Yyindqa(fi) are computed by
the ratios of current phasors against voltage phasors in the
dg frame. Similarly, another harmonic injection at g-axis
voltage (V4 inj) and measured dq currents can identify the right
column component Yyind,dq(fi) and Yiina,qq(fi). Hence, the
measured wind side admittance at frequency f; can be written
as (8). The measurement range is from 1 Hz to 100 Hz with 1
Hz interval, and measured data are shown as the red markers
in Fig. 6.

_ N _ | Ywind,ad(fi)  Ywind,aq(fi)
Yaina(fi) = _Ywind,qd(fi) Ywind,qZ(fi)
_Is,d(fi) Is,d(fi)
_ | Vea(fi)  Veq(fi)
= | Lalf) Loals) ®
Vealfi)  Vsa(fi)

After obtaining the measurement data in the frequency-
domain, vector fitting [11] is implemented to find the s-domain
transfer function for the wind farm admittance. The blue lines
in Fig. 6 show the vector fitting results, which match the mea-
sured data very well. Note that the order is set to 14 in vector
fitting computation. Yyina(s) and YsTaT(s) represent the wind
and STATCOM admittance s-domain transfer functions.

An RL circuit is used to represent the grid side network. X,
indicates the grid inductance in p.u. and R, = 0.1X. Hence,
the grid side admittance s-domain transfer function can be
expressed as:

Ye,da(s)

-1
B Yedq(s)|  |[Ry+Ls —Lw
Ye(s) = Y, qa(s) =

Ye.qq(5) Lwg Ry, + Ls
9)
The total admittance of the wind system with and without
STATCOM can be derived via the following equations:

)/tot(s) = Ywind(s) + Yg(s)
Yiot(s) = Yawind(s) + Ysrar(s) + Ya(s)

B. Eigenvalue analysis

(10a)
(10b)

Eigenvalues of the complete system can be obtained us-
ing tzero(Yiot(s)) in MATLAB. Eigenvalue trajectory with
varying grid impedance X, from 0.3 to 0.5 p.u. is presented
in Fig. 7. For the system without the STATCOM, it can be
seen that there is a 10-Hz mode crossing the imaginary-axis
when X increases to 0.42 p.u. On the other hand, a 4-Hz
mode will move to the right-half-plane (RHP) after adding
the STATCOM when X, is greater than 0.4 p.u. Thus, we can
predict that this wind farm system without STATCOM will
experience 10-Hz oscillations, and the wind farm system with
STATCOM will experience 4-Hz oscillations when the grid
becomes weak.

C. Time-domain transient responses

With the total admittance model, the system impedance can
be found by equation (11).

Ztot,dd(s) Ztot,dq(s)
Ziot,qd(8)  Zot,qa(s)
The total system impedance reflects the relationship be-

tween the PCC voltage and the current injection to the PCC
voltage:

Zyot () = Yot (s) ! = [ ] (11)

[AVd] _ |:Ztot7dd<5) Ztot,dq(s)] [Afd] (12)
AV Ztot,qd(s) Zt0t7qq(5) Al

The voltage dynamic responses subject to a step change in
the d-axis (or g-axis) current injection can be found by evalu-
ating NLT for each component of Z;.(s). For example, for a
step change in the d-axis current injection, the dg-axis voltages
in s-domain are Zyo aqa/s and Zios qa/s. The corresponding
frequency-domain data can be directly converted to the time-
domain responses via NLT. In Fig. 8, (1) indicates Iq step
change and (2) indicates I, step change.



Fig. 4: EMT test bed of a type-4 wind farm with a STATCOM in MATLAB/SimPowerSystems

Yiind,dg

Wind/
STATCOM

Vs,ahc abe V&dﬂ
Vi abe
7 abc dq

Fig. 5: Wind/STATCOM admittance measurement using frequency scanning
method in dg-frame.

Fig. 8 (a) presents the scenario without STATCOM. Blue
lines represents the case when X, = 0.42 p.u. Red lines
correspond to X, = 0.38 p.u. The system has undamped 10-
Hz oscillations when X, is 0.42. If X, is 0.38, the 10-Hz
oscillations have more damping. This matches the eigenvalue
analysis results in Fig. 7 (a).

Additionally, there are 100-Hz oscillations quickly damped
in both cases. That is due to the 100-Hz mode identified by the
eigenvalue analysis. Similarly, the scenario with STATCOM is
presented in Fig. 8 (b). It can be seen the 4-Hz oscillations
occur once X is 0.44 p.u. The time-domain simulation results
corroborate the eigenvalue analysis results in Fig. 7 (b).

To validate the NLT-based time-domain responses, the simu-
lation results of the test bed from MATLAB/SimPowerSystems
are presented in Fig. 9. Before ¢t = 1 s, the grid-side impedance
X, is kept at 0.3 p.u. X, has an increased value due to the
tripping of a parallel transmission line at ¢ = 1 s. Fig. 9
(a) presents the dynamic responses for the system without
the STATCOM. It shows that the wind system will have 9-
Hz undamped oscillations if X, increases to 0.42 p.u. On
the other hand, Fig. 9 (b) presents the dynamic responses
for the system with the STATCOM. Once X, is increased
above 0.42 p.u, there will be 3.5-Hz undamped oscillations.

Those observations agree with the fast time-domain dynamic
responses obtained from NLT routine, shown in Fig. 8.

V. CONCLUSION

This paper illustrates how to implement the NLT routine
to carry out fast time-domain simulation based on admittance
models obtained from measurements. Firstly, the paper demon-
strates the advantage of NLT over IFFT through two simple
examples. Secondly, the paper offers an alternate approach of
fast time-domain simulation starting from admittance models.
While the prior art, e.g., CCM, relies on converting an admit-
tance model to a linear state-space model and interconnecting
various components to a closed-loop system, the proposed
approach directly deals with s-domain admittance models
and leads to a closed-loop system expressed in s-domain.
Time-domain simulation results are obtained through direct
conversion of frequency-domain data to time-domain data.
This approach is straightforward. The approach has been tested
on a grid-interconnected type-4 wind farm to demonstrate
weak grid oscillations with and without STATCOM.
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Fs is discrete frequency-domain responses
ftd is discrete time-domain responses
APPENDIX s = Fs.*sigma;
MATLAB Code ftd = 1fft (Fs);
ftd = real (Cn.xftd);
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c = 1log(N"2)/T; % damping coefficient



