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Abstract—Given the increasing penetration of converter-
interfaced resources in power systems, properly estimating the
short-circuit current (SCC) contribution in large networks has
become a growing challenge and necessity to ensure the security
and stability of the systems and assets. This paper presents
two novel methods to estimate the SCC contribution of type
IV wind turbines at both the transient and steady-state stages
of unbalanced and balanced faults: 1) a machine learning-
based method trained with electromagnetic transient (EMT)
simulations and capable of estimating some of the initial peak
and transient current magnitudes; 2) an analytical approach to
estimate the steady-state SCC based on the voltage and grid code
dependency of the converter during the fault. The methods are
coupled into a single framework and compared to field-validated
EMT models of a real turbine. The results show that the majority
of the estimated currents in the transient stages present errors
below 5%. In steady-state, the errors are not greater than 1.21%.
Given the complexity of the problem, these margins may be
deemed acceptable for short-circuit studies.

Index Terms—Short-Circuit Current, Analytical Modelling,
Estimation Methods, Machine Learning, type IV Wind Turbines

I. INTRODUCTION

Correct estimation of the short-circuit current (SCC) con-
tribution of different power sources is crucial in preventing
blackouts, maloperation of relays, and equipment damage.
To prevent those, short-circuit studies utilizing different tools
are applied to equipment design and protection coordination.
According to standards and guidelines, the maximum SCC
contribution is used to define the rating of equipment regarding
mechanical and thermal stresses, while the minimum is used
for the selection of system protection [1, 2]. Furthermore, the
levels of SCC and equilibrium points during faults are becom-
ing important to define the stability and control strategies for
the modern system in highly-penetrated converter systems.

Current practice usually neglects or simplifies the contribu-
tion from Inverter-Based Resources (IBRs). In general, short-
circuit studies follow standards such as IEC 60909-0 Ed. 2 and
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ANSI / IEEE C37. For instance, during the steady-state stage
of the fault, IEC 60909-0 Ed. 2 represents the contributions of
type IV wind turbine generators (WTGs) as current sources
fixed at around 1.1 to 1.5 p.u., depending on the converter
capability [2]. However, as the current of a type IV WTG
behaves in a more complex way during a fault, the standards
usually fail to state the dependency on many factors [3].
Recent work based on standards was performed to calculate
the SCC contribution with general assumptions for modeling
IBRs as static current sources [4]. Aside from standard-related
works, a phasor-model-based approach was used in [5, 6]
to model the SCC contribution at steady-state of type IV
WTGs as a voltage-dependent current source with an algo-
rithm that can achieve similar results as an EMT simulation.
Furthermore, methods presented in papers such as [7] estimate
contributions from electronically coupled distributed energy
resources. However, the utilized formulation relates to doubly-
fed induction generators (type 3), as presented in [8], and
should not be generalized to the broad scope of resources
based on power electronics. Finally, systematic reviews of the
short-circuit characteristics of IBRs were recently done in[3].
Despite recent work on estimating SCC during steady-state,
there are still important factors to be further explored for type
IV WTGs. For example, comparison with field-validated EMT
models, evaluation of active current injection, types of voltage
dependency and other grid-code-dependent parameters, and
behavior during unbalanced faults. Furthermore, not much
work has attempted to estimate currents during the transient
stages of the fault in type IV WTGs. In this sense, this paper
contributes to three different aspects: 1) A novel analytical
approach that estimates the steady-state current contribution;
2) A novel machine-learning-based approach for estimating the
peak current; 3) Discussions on different challenges and new
standardization required for short circuit current estimation.
The rest of the paper is structured as follows. Section II
provides an overview of the fault stages in an industrial large-
scale type IV WTG. In addition, it gives definitions of the
control, models, and methodology. The industrial model is
based on Siemens Gamesa’s Direct Drive (DD) wind turbine.
Section III introduces the methodology for the analytical
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estimation of the steady-state during-fault current. Section IV
presents the machine-learning-based approach for estimating
the peak current during the fault. Section V concludes the
work by discussing the proposed methods. The comprehensive
methodology developed in this paper can be utilized to esti-
mate the SCC of type IV WTGs accurately for equipment and
protection design. It does not need any proprietary knowledge
of the black-box control as in root-mean-square (RMS) or
EMT simulation. Furthermore, it can be used for early design
or long-term planning of inverter-dominated power systems.

II. DEFINITIONS OF THREE STAGES OF THE FAULT,
CONTROL SYSTEMS AND MODELS

In this section, a short explanation of the converter control
system adopted by industrial wind turbines is given, followed
by a description of the model setup, the validation procedure,
and the data acquisition process.

A. Three Stages of the Fault

Fig. 1 displays how the type IV WTG typically responds to a
specific power system fault. Where currents I, ,, I, I
and I, are the positive and negative sequence reactive and
active currents, respectively. In real converter setups, changes
in feedback signals always imply a time delay between the
occurrence of a fault and the corresponding reaction of the
converter control system. This delay also encompasses the
time required for the system to recognize the fault. This can
be seen from the currents’ behavior shown in Fig. 1.1, .,
and I, start to change after a certain delay subsequent to
the occurrence of the fault, and the control acts to provide
reactive power support to mitigate the fault’s impact. This
response is not instantaneous due to control bandwidths,
measurement methods, filtering, and communication delays
inherent in the system. The EMT simulation, validated with
real measurements, includes these aspects. As a result, it is
possible to define three distinct stages of a fault for a type IV
WTG: the sub-transient, the transient, and the steady state.

At the beginning of the sub-transient stage of a fault in
a type IV WTG, the control has not yet identified the fault
and has not started the transition to fault-ride-through (FRT)
control mode. At this stage, the currents can rise to values
higher than the in-fault steady-state magnitudes and present
sequence component characteristics that do not correspond to
the FRT current priority. At the transient stage, the control
starts to react to the changes of the fault and identifies the FRT
event. The currents start to be controlled and brought back to
desired values, which are usually limited to around 1.1 p.u.
During both transient stages, the behavior of the current is
very complex to determine analytically, as it is influenced by
many factors [3]. Therefore, to estimate peak and maximum
currents taking into account all the parameters involved in
the initial response of the turbine, a machine learning-based
methodology was developed and explained in Section IV.

Finally, at the steady-state stage, which usually starts from
50 ms, the values have either fully or almost fully settled to
the desired in-fault injection depending on the grid code. The
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Fig. 1. Data acquisition example for a two-phase fault with priority given to
both positive and negative sequence currents.

behavior of the converter can be modeled as a voltage- and
grid-code-dependent current source. This part can be estimated
analytically, as presented in Section III.

B. Grid-Following and Fault Ride-Through Control Systems

Fig. 2 shows a simplified view of the grid-following control
utilized in this study. The voltages and currents used for the
feedback loop of the control are measured after the filter and
reactor. A phase-locked loop (PLL) is used to synchronize with
the systems’ frequency and provide the phase angle references
for the ABC-dq transformations. The outer voltage/power
control loop receives the power and/or voltage references
from the wind power plant (WPP) controller, subsequently
computing the reference currents within the dqg-frame to be
transmitted to the current control. This process relies primarily
on the main inputs to the individual wind turbine, namely
the power and voltage set points, which are instrumental in
guiding the control mechanism under normal operation.

During a fault ride-through (FRT) event, the FRT con-
trol takes over and defines the dq-current references for the
inner current control, based on the different pre-fault and
during-fault measurements as well as the specific grid code
requirements. FRT is defined as the capability of an electrical
equipment or system to endure and maintain stable operation
during a transient deviation in voltage, typically an under-
voltage condition. While sustaining the fault, many grid codes
request power stations to perform voltage support in the form
of reactive current injection. The injected current can either be
composed only by the positive sequence or by both positive
and negative sequences. The total current is then restricted
to the equipment’s limitation and passed to the inner current
control loop which produces the voltage references for the
pulse-width modulator (PWM). It is important to mention that,
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Fig. 2. Grid-side grid-following control topology [3].

for this paper, the FRT control is activated based on a settable
parameter that represents the voltage drop below a certain
threshold ranging typically from 0.85 to 0.95 p.u. For the case
of this paper, the value of 0.9 is used in both grid codes.

C. Model Definition and Validation

The industrial EMT model of the type IV WTG used in this
paper is validated against real-site measurements for FRTs and
is developed in PSCAD™. The modeled mechanical system
consists of the aerodynamic and shaft models. The electrical
system includes the permanent magnet synchronous generator,
full converter, DC link, grid-side converter reactor, filter,
WTG transformer with saturation and frequency-dependent
impedance, and measurement ports. Finally, the control system
includes the WTG level controller with reduced-order func-
tionalities deemed necessary for EMT-type simulations and
the converter controller which is responsible for controlling
the generator and grid side converters as well as the DC link.
The actual full-order code of the converter control, with the
source code embedded as a .dll (dynamic link library), and
protection, including turbine and converter level protection,
are also implemented in the model.

Prior to carrying out extensive simulations for this paper, the
model was validated against real-site measurements for FRTs,
according to different grid codes and standards such as IEC
61400-21-1 [9]. In addition to performing tests and validation
on prototype turbines in the field, the industry is also making
progress in testing individual parts and subsystems, along with
real-time solutions that involve both hardware and software
integration [10].

D. Simulated System and Data Acquisition

A conventional single-turbine system, interfaced with a
Thevenin equivalent circuit, serves as the experimental model.
Before the introduction of the fault in each simulation, the
WTG was allowed to initialize and attain a steady-state con-
dition. A set of EMT simulations was performed, using a time
step lower than 10 pus and a sampling rate of 5 kHz to save
the data. Posterior to simulation, the data was pre-processed
to be used for validation of the steady-state method and
training/testing of the machine learning method. All sequence
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Fig. 3. Flowchart of the combined methods to estimate the current contribu-
tion at the transient and steady-state stages of unbalanced and balanced faults.

components were calculated using full-cycle windows (i.e. 20
ms for 50 Hz) and a sampling rate of 2 kHz. All faults were
simulated for more than 150 ms so that a steady-state fault
condition was achieved. Measurements of steady-state currents
and voltages started 100 ms after the fault occurrence. Then,
they were averaged for the rest of the fault period.

E. Proposed Framework: Methods for Estimating Steady-State
and Peak Currents

Two novel estimation methods are presented in Sections III
and IV, one for the steady state and another for the transient
stage of the fault, as seen in Fig. 3. The validated EMT
model is used to obtain the signatures for training the machine
learning (ML) models and to validate the analytical approach.
After obtaining reliable models, the entire solution can be
used together, where analytical steady-state estimations can
also feed the training ML models so that peak currents can
be estimated. The methodologies will be explained in the
following sections.

III. STEADY-STATE CURRENT ANALYTICAL ESTIMATION

This section proposes an analytical approach to estimate
steady-state SCC contributions of type 4 WTGs during bal-
anced faults. Today’s industrial context mostly relies on stan-
dards such as IEC 60909-0:2016, which models type IV WTGs
as fixed current sources during a fault. However, although
WTGs behave as current sources in such scenarios, the reactive
current magnitude (I,.) depends on the residual voltage (V1)
at the WTG terminals, as in Eq. 1. In this example, the
priority is given only to the positive sequence. Kjactor s the
converter’s current control proportional gain; Vi is a voltage
quantity dependent on the grid code (GC); I, is the positive
sequence reactive current that the converter injects based on
Veand Vi T j 1im 18 the FRT limit for the positive sequence
reactive current injection; I j pf 18 the reactive component
of the pre-fault WTG current; and Dygpg is the considered
deadband for the voltage difference.

I;-i_ = Kfactor (|VC‘ - |Vr—£5 - Dband) + I::pf
I-=0 (1)
IF+1-<If

rlim

I, =

This paper addresses the following grid codes:
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e GCl1 - V¢ is the WTG nominal voltage (1 p.u.) and
neither the deadband nor pre-fault reactive current is
included in the calculation of the current injection during
a fault, as in (2). The GC1 is based on the EON GmbH
Grid Code, High and Extra High Voltage [11];

e GC2 - Vi is the WTG pre-fault voltage (V},5) minus a
deadband equal to 0.1. Furthermore, the reactive compo-
nent of the pre-fault WTG current (I + ) is added to the
right-hand side of the I + calculation, as in (3). The GC2
is based on the Ordinance on System Services by Wind
Energy Plants (SDLWindV) [12].

GCl1 : I:_ = Kfa,ctor : ( - | rts') (2)
- Kfactm‘ . (|fo| | res| ) I';Lpf (3)

Several other grid codes could be considered, especially
codes where negative sequence reactive current injection dur-
ing unbalanced faults is required. Nonetheless, grid codes GC1
and GC2 are deemed to represent well the two main variants
that affect three-phase faults, which do not require negative
sequence injection.

The proposed analytical approach has three stages. First, a
traditional power flow obtains the pre-fault conditions. Second,
a power flow adaptation handles the current source behavior
of the WTG during faults. Finally, an iterative strategy obtains
the fault steady-state current according to (1).

GC2: I

A. Newton-Raphson Power flow adaptation

In general, power flow formulations model buses as PQ, PV,
and V6. By bringing active and reactive power mismatches to
zero, an iterative process determines the voltages and angles of
PQ buses and the angles of PV buses. In this paper, a WTG can
be modeled as a PV bus during steady-state normal operation
since voltage and active power are used as references for the
control. However, during a fault, the WTG’s control assumes
a current source behavior that cannot be modeled as a PV or
as a PQ bus, since the WTG does not follow the power and
voltage references sent by the plant controller.

Therefore, the standard Newton-Raphson formulation is
adapted by: (i) replacing the WTG PV bus with a PQ bus
with null loads, hence adding one reactive power mismatch
equation; (ii) including a current source linked to the new
PQ bus via the reactor impedance (Z,); (iii) adding two new
equations related to active and reactive current mismatches.
Fig. 4 exhibits the system models pre and during the fault, in
which Zg, 7y, Z, Zy,, Zy, are the filter, busbar, transformer,
grid Thevenin, and fault impedances, respectively; f;,. and
fi. are the fault location (€ [0,1]) and its complement

1 — fioc); Iyer is the reference current phasor.

As an important remark, the pre-fault model does not
include the reactor since the WTG voltage reference is after
the mentioned component. However, during the fault, the WTG
converter “sees” the fault from the perspective of the current
source in Fig. 4. Thus, including the reactor implies a more
accurate representation.

When adding a current source to the WTG model, the power
flow calculation starts with specified/reference values for the

:,‘Vref’.:WTG ‘/an

N2y [ 2t 2

2,

<7 Pre fault
RECSTTTPPRTPPRIPPS WTG
Vi Ve Ving
@— Dy p— Zy | Zt (1 frocZitn flt)thh
: Lres T

Z g : Zta

~_~ During fault

Fig. 4. Power flow model at pre- and during-fault conditions.

..................

active (17, ) and reactive (I, f) currents. This is analogous to
the procedure of providing active power references to PQ and
PV buses, and reactive power references to PQ buses. In the
adapted power flow, the method starts with initial voltage and
angle guesses for PQ and current buses, and angle guesses for
PV buses. Then, the algorithm defines the P, Q, and current
mismatches according to the references and to the calculated
quantities based on the guesses. From the I7 , guess, (4)
describes I fef, in which I,,,,, is the maximum magnitude of
the current phasor. It is noteworthy that the proposed approach

always utilizes Ij Lim @s the initial guess for I] ..

e =\ Umao)? = (I1p)? 0

In Fig. 4, the WTG links to a PQ bus between Z;, and
Z;. The current in this path is the one injected by the WTG,
so it is chosen as the reference. Equation (5) describes the
current calculation. Upon expansion of (5), (6) and (7) describe
the active (I%,;.) and reactive (I ;.) currents calculated from
the initial guesses. By obtaining the partial derivatives of
the current mismatches, (8), relative to the variables of the
problem (voltages of PQ and current buses; angles of PQ, PV,
and current buses), one can compute the Jacobian.

Toe = e — VoD Ve 5)
Zy Zg
« _ YR, +OX, Ry cosbj + Xy sinf; ©)
calc — R% +X3 J R% + X]%
, _ OR.—UX Rypisinb; — Xj cosf; 7
cale — R% JrAXQ J R2 + X]%
[Aa; AT] = [ calc I?ef’ Izalc - I;:ef] ®)
Where: ¥ = (V4 cos 6, — Vjcosbj), ® = (Vi sinf — V;sinb;).

B. Compliance with converter’s current limit

The presented Newton-Raphson adaptation provides the grid
steady-state conditions given the specified 7, . and 1], .. Based
on the magnitude of the WTG’s residual voltage, (1) calculates
the expected I,'. If the quantified I," is greater than or equal
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to I, , then the converter could technically inject more than
It

r 1im- However, the limit is imposed and an injection equal to
1 j 1im takes place. At this stage, since the proposed approach
utilizes I f 1im as the initial guess, the grid conditions during
the fault steady state have been estimated. If the calculated I,"
is less than [ j 1im» the sought operational state is impracticable,
and a more realistic estimation of the current must be done.
This subsection presents an iterative approach capable of
effectively handling such situations.

For specified I7,; and I} . currents, suppose a WTG resid-
ual voltage V, I is obtained so that, once plugged into (1),
yields a converter current I,JF < I fef. Then, there is an
error/mismatch F, (9), that should be nullified. To do so, again
a Newton-Raphson approach is used. Equation (10) describes
the required derivative of £ with respect to 17, .

E=If -1, )
dE dr,t
iy, —dIy.,
Regarding dI;" /d ref» DOtE in (1) that Vo, Dypang, and I:pf
are constants, which imply null derivatives. The derivative
of V1, is a function of I}.; that comes from the power
flow computation. In other words, it is not an algebraic
expression. Hence, its derivative is approximated by applying
the fundamental definition of a derivative, (11). The f(x) term
relates to the V.7 calculation given ref> 1-€., it is the residual
voltage magnitude already calculated by the approach of the
previous subsection. To compute f(x — h), one needs to run
the adapted Newton-Raphson once again by inserting /I, — h
as the specified reactive current, with i being a small value
compared to the order of magnitude of the variables. Then,
(11) will provide a d|V,{,|/dI},; estimation that enables the
calculation of dE/dI},;, as in (12).

(10)

d . z)— f(x —h

—dj; = lzmhﬁo—f( ) i( ) (11)
de AVt -
dI:ef - *Kfactor dI:ef -1=F (12)

Once E’ has been estimated, the following steps take place:

(i) obtain the next specified (1 :(’i;}ewt) for the converter reactive
Ia,nemt.

current by following (13); (ii) (4) yields rof (iii) apply
I :é}w“ to the adapted Newton-Rhapson during the fault; (iv)
plug the new residual voltage at the WTG into (6) and extract
I.F; (v) verify the mismatch F; (vi) repeat the process until | E)|
is less than or equal to a small user-defined tolerance. Upon
convergence of the iterative process, one obtains a specified
converter current related to a residual WTG voltage that is
feasible regarding (1). Hence, this is a more realistic estimation
of the short-circuit contribution of type IV WTGs.

Lyt =1 —E/E (13)

Fig. 5 presents a flowchart of the analytical approach. By
the end of the process, the method provides the estimated
active and reactive currents that the WTG will inject during
the steady state of the three-phase fault.

Start )
Compute the Remaining iterations Mismatch
¢ —» achievable converter —— > < 1
Solve the standard power reactive current (Eq. 1) tolerance
flow formulation and obtain 18t jteration
the pre-fault conditions True
Reactive

True current

—> estimation —>» End
not needed
I = L) 0

>T

= “rlim

Falssl

Calculate the next
specified current
with the Newton- False
Raphson approach ™

Replace the pre-fault
model by the during-fault
model with I, . =I5,

Current
estimation

accomplished

Solve the adapted power _|

flow formulation to obtain

the residual voltage at the
WTG terminals

Fig. 5. Flowchart of the steady-state current analytical estimation.

C. Simulation setup and results

To assess the proposed analytical method, 48 base cases
(BSs) of three-phase faults from the field-validated EMT
model were utilized. For all cases, Kjqcior and the WTG
pre-fault active power reference (P.r) are equal to 2 and 1,
respectively. Table I provides additional input data, where V.,
V., and SCR are the WTG pre-fault voltage reference, the
retained voltage at the fault point, and the short-circuit ratio,
respectively. Each of the base cases was subjected to the two
grid codes described in Section III, thus yielding 96 different
simulations regarding the steady-state studies. Equations (14)
and (15) quantify the fault impedance. The addressed cases
relate to diverse during-fault scenarios in which |V, | often

implies reactive injections that are less than [ :‘ 1im» hence
requiring accurate estimations.
TABLE I
INPUTS FOR ANALYTICAL SIMULATIONS
BS Vref SCR % Vi fioc |BS V'ref SCR % Vi fioce
1 1 15 7 02 001 |25 1.08 15 7 025 05
2 1 10 7 02 0.01|26 1.08 10 7 025 05
3 1 7 7 02 001]27 095 7 7 025 05
4 1 5 7 02 00128 095 5 7 025 05
5 1 15 15 04 0.01]29 108 15 15 045 05
6 1 10 15 04 0.01 30 1.08 10 15 045 05
7 1 7 15 04 0.01|31 095 7 15 045 05
8 1 5 15 04 0.01|32 095 5 15 045 05
9 1.08 15 7 02 00133 1 15 7 03 09
10 1.08 10 7 02 0.01]34 1 10 7 03 09
11 095 7 7 02 001]35 1 7 7 03 09
12 095 5 7 02 001]36 1 5 7 03 09
13 1.08 15 15 04 0.01]37 1 15 15 05 09
14 1.08 10 15 04 0.01]38 1 10 15 05 09
15 095 7 15 04 0.01 |39 1 7 15 05 09
16 095 5 15 04 0.01 |40 1 5 15 05 09
17 1 15 7 025 05 |41 1.08 15 7 03 09
18 1 10 7 025 05 |42 1.08 10 7 03 09
19 1 7 7 025 05 |43 095 7 7 03 09
20 1 5 7 025 05 |44 095 5 7 03 09
21 1 15 15 045 05 |45 1.08 15 15 05 09
22 1 10 15 045 05 |46 1.08 10 15 05 09
23 1 7 15 045 05 |47 095 7 15 05 09
24 1 5 15 045 05 |48 095 5 15 05 09
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o Vr . Zth
Zra= Ty (1= fioe) (14)
(Zsa)?
B =\ T3 oomp X =V = (B 019

The presented cases were subjected to the approaches from
subsections III-A and III-B. The following simulation aspects
are highlighted: (i) although the WTG could technically inject
more than 1 p.u. of reactive current in some cases, the control
strategy for the studied system applies an injection limit
) :f 1im) Of 1 p.u., so that a meaningful active current injection
can occur, as discussed in [3]. Thus, for these cases, the
analytical approach keeps the reactive injection at 1 p.u.; (ii)
the maximum during-fault current magnitude (/,,,4z), (4), of
the converter under analysis is equal to 1.11 p.u.; (iii) for all
cases, I7. = 1 p.u. is the reactive current initial guess. Fig. 6
presents the obtained current components and residual voltages
for different fault conditions, given by Table I, during the
steady-state of the three-phase faults compared to PSCAD. As
seen, the proposed analytical approach effectively quantified
the current injected by the WTG during the faults.

Table II provides the mean relative errors (MRE) given all
96 cases, with 48 corresponding to GC 1 and 48 to GC 2.
The results indicate that the proposed approach can accurately
estimate the steady-state SCC contributions of type IV WTGs.
The EMT simulations apply the faults for 500 ms and the
results used for comparison (i.e., PSCAD results in Fig. 6) are

TABLE II
MEAN RELATIVE ERRORS OF THE ANALYTICALLY ESTIMATED
QUANTITIES PER GRID CODE, IN %

MRE - [V/L,| | MRE - I, | MRE - I
GCl1 0.69 0.46 0.72
GC2 0.76 1.20 1.09

given by the average of the last 350 ms of the fault. Therefore,
small deviations compared to the analytical approach were
expected since faults in EMT simulations may not always
reach perfect steady-state.

As a final remark, it is emphasized that more validation
was performed to ensure the methodology works. Cases with
diverse fault locations, X /R ratio, etc, were simulated and
yielded the same accuracy level presented in Table II. How-
ever, for conciseness, such cases aware not shown in this paper.

IV. TRANSIENT CURRENTS ML-BASED ESTIMATION

Estimating the currents during the transient stages of the
fault is as crucial as addressing the estimation of the currents
during the steady state. Therefore, this section will address
how some of the currents can be estimated during the highly
complex transient period at the inception of the fault. The
novel methodology uses machine-learning (ML) algorithms
and comprises a combination of pre-validated EMT models
and steady-state estimated currents. It can either be used
together with the solution from Section III or as a standalone
tool coupled to other types of SCC steady-state estimation.
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Fig. 6. Analytical estimation of steady-state quantities,

in p.u., for different fault conditions.
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The justification for using ML comes from the fact that the
analytical representation of the peak current is not straightfor-
ward, especially in industrial controls where the level of com-
plexity is very high and ever-changing. During the transient,
factors such as control communication delays, transducers,
control bandwidths, power electronics hardware, and other
inherited parameters, play a crucial role in the response of
the turbine besides the traditional network conditions and
parameters. Three main shortcomings come into play when
modeling such phenomena analytically:

1) Among different manufacturers, there is a wide variety
of implementations of controls and all the other side
hardware and modulation.

2) For generic implementations, to the knowledge of the
authors, the industry has not yet found a way to model
this phenomenon realistically.

3) Even if some complex analytical representation is found,
it would most likely require a white-box representation
of many of the control parts, not respecting the pro-
tection of intellectual property. The representation via
ML models can be performed in a black-box manner,
respecting the intellectual property of the manufacturer
while presenting results with good accuracy.

This section uses more than 16000 cases with the validated
EMT models incorporating variations of the parameters, fault
conditions, operating points, and grid codes, as shown in Table
III. In these simulations, I}, is used for defining two different
types of reactive current priority during the fault, i.e. only
positive sequence or both positive and negative sequence. The
methodology was mainly applied to a randomly selected subset
of the data of around 8000 cases (50%).

TABLE III
PARAMETERS AND RANGES USED IN SIMULATIONS
Parameters Range Parameters Range
Vies 0.92 - 1.08 p.u Iyrio Q - Pos or PosNeg
X/R 2-13 floc 0-1
SCR 1.5-10 Kactor 2-35
Py 025-1pu Vr 0-0.8

By leveraging these validated models and using their results
to train the ML models, the estimation of the transient currents
can be used to study short-circuit currents in large systems
whilst maintaining computational efforts low. Below are the
main inputs (Xjsz) and outputs (yas) of the ML models
trained for estimating the currents. There are four classes of
inputs: pre-fault operating points; fault steady-state estimated
operating points; impedance to the fault and fault conditions;
FRT grid code parameters; and peak current hardware limit.

+ + + .

Iact,pre? Ireact,pre ’ V;m’e’
+ + + I =
act,ss? I’react7ss> Vss ) Ireact7ss7 ‘/ss )

R'wtg—f7 thg—fa Ftypea Rfa,ult; Xfaultv Fangle;
K+ K, Seq;;z_‘o, ‘/prio, Ipeak—lim,;

factor> factor>?

Outputs can be separated into three classes: peak quanti-
ties of the instantaneous current waveforms (/,;); maximum
quantities in the sequence components (I, & I, .); and

maximum quantities at each odd cycle from the first to the
fifth (I, I}/ & 1)),

Ipy
+ 7=
_ Imazﬂ Imam
YmL = I+ It I+
1st—cyc’ ~3rd—cyc’ “5th—cyc
Ilst—cyc; IBrdfcyc’ [5thfcyc

The next subsections show different use-cases and estima-
tions using various ML models. Each model has been opti-
mized for its hyper-parameters. The algorithms were optimized
using GridSearch algorithm from the hypopt package, which
performs hyper-parameter optimization using a testing set.

A. Peak Current Estimation in the Sub-transient Stage

In Fig. 7 the three different models, Light Gradient Boosting
Machine (LGBM), Random Forest (RF), and Multi-Layer
Perceptron (MLP), are compared for their performance of
predicting the peak current (I,). The y-axis shows the % of
the total testing data set. The x-axis introduces four categories,
meaning the percentage of variation of the estimated result
against the validated EMT model. Initially, the comparison
between algorithms is made using only 843 simulations (i.e.
5% of the data) for training the ML model, whereas the
remaining 95% of the data was used for testing, as shown
in Fig. 7. In conclusion, LGBM and RF perform relatively
better than MLP. However, the three models perform well, in
general, for a very low amount of training data.

Due to its rapidness in training and optimizing hyperpa-
rameters, LGBM was chosen to be further explored in Fig. 8§,
which provides a comparison between using 5% and 50% for
training data. The plots show the result of the estimation on the
testing dataset (i.e. 95% and 50%, respectively). Graphically,
it can be seen that the model behaves much better when a

100 - 98%99%g79,
I L ight GBM; MAE = 0.0355 97%
| | N MLP; MAE = 0.0394 90% go0, 21%
90 "] Random Forest; MAE = 0.0352 q

59% 60%

34%

34%

% of the Samples in the Accuracy Zone

<1% Error <2% Error <5% Error <10% Error

Fig. 7. Comparison of different regression algorithms for predicting peak
current using 5% of the data.
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Fig. 8. Comparison of different regression algorithms to predict peak current
on the testing dataset using 843 cases (5%) and 8439 (50%) of the data.

larger portion of the data is utilized for training. The hyper-
parameters of the optimized model were learning rate = 0.08,
number of estimators = 2000, and maximum depth = 20. In
this case, the model of sub-figure (b) had 87.45% and 98.55%
of the test cases below 2% and 5% relative error, respectively.

Fig. 9 shows a feature importance analysis. As seen, the
top features are a combination of pre-fault and fault steady-
state (estimated) inputs together with fault conditions imposed
on the turbine. The most important is the pre-fault active
current, which dictates the majority of the total pre-fault
injected current. The fault impedance is also crucial, as it
highly influences how much the current can rise before the
converter starts controlling it after a few milliseconds. As
shown in analytical and statistical studies from [3], FRT-related
parameters play a small role during the early transient stages
as the converter has not yet switched to FRT mode.

B. Prediction of Other Quantities during the Transient Stage

Following the prediction of the peak current, it is also of
interest to estimate the values of other transient quantities.
Fig. 10 presents estimations for other eight different currents.
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Fig. 9. Overall importance of the features for predicting peak current using
RF/LGBM - Only features with > 0.01 importance.

One LGBM ML model was used for each estimation and the
hyperparameters were once more optimized for each quantity
estimated. Each of the models utilizes 50% of the total data set
for training and the remaining 50% for testing the data, which
are shown in the figure. Results show that the estimation is
still quite accurate even in light of the nonlinearities of the
transient stage in the third and fifth cycles.

C. On the Accuracy and Practicality of ML-Based Short-
Circuit Studies

In practical studies, implementing the ML methodology may
pose challenges, particularly due to the potentially high num-
ber of simulations needed to train the model. Nevertheless, it’s
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Fig. 10. Magnitude predictions for other values of transient currents.
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important to note that unlike detailed EMT studies demanding
high accuracy, short-circuit studies can tolerate lower levels
of precision. Often, parameters such as impedances used in
short-circuit studies for conventional generation have high
tolerances, yielding less precise results.

In this context, once an acceptable level of accuracy is estab-
lished, the number of simulations required in the paper could
technically be reduced. For future research, exploring new
techniques for estimating transient currents is imperative. This
will enable the industry to reach a consensus on the usability
and desired levels of accuracy for different techniques.

V. CONCLUSIONS

This paper proposes two novel methods that are jointly
used to estimate the current contributions at the transient and
steady-state stages of a fault. The methods provide a new level
of transparency on the SCC response of type IV WTGs. To
validate the methodologies, field-validated EMT models with
the embedded control source code as .dlls have been used.

For the steady state, an analytical estimation method con-
siders different grid codes, operating conditions, and fault
scenarios. Initially, a power flow algorithm obtains the pre-
fault operating conditions. Then, a Newton-Rapshon approach
iteratively estimates the steady-state positive sequence current
contributions for balanced faults. The method achieves very
accurate results with mean absolute errors of no more than
1.21% compared to PSCAD.

In parallel, by using field-validated EMT simulations, a ma-
chine learning-based approach estimates the maximum peak
current during faults. The trained machine learning model is
coupled to the analytical method and utilizes the estimated
steady-state currents to improve the prediction of the peak
currents. The results show that most of the estimated currents
are below 5% of error and can be used for short-circuit studies.

In future studies, the methods will be extended in three
different directions: 1) The steady-state methodology will be
extended to cover unbalanced faults; 2) The fault-clearing
stage of the turbine will also be investigated; 3) A system-
atic software will be done to incorporate the methodologies
deployed here; 4) Evaluate the feasibility of application com-
mercial of the ML method for transient estimation; and 5)
Coordination with standardization working groups (e.g. IEC
60909-0) to bring these new methodologies of estimation so
that supply of information is more harmonized for original
equipment manufacturers (OEMs).
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