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Abstract—Thévenin equivalent has been considered the stan-
dard power system representation for short-circuit analysis.
However, the increasing penetration of power electronics in mod-
ern power systems introduces diversified short-circuit current
responses which are not considered by conventional Thévenin
equivalent. As an alternative, this paper proposes a different
dynamic grid equivalent representation for short-circuit analysis
of power systems with power electronics. The equivalent pa-
rameters are identified to accurately capture the dynamic short-
circuit current responses contributed by power converters. Also,
the equivalent parameters are varied from different depths of
short-circuit fault in order to cover various fault conditions. The
proposed grid equivalent has been tested and validated on studied
systems with Voltage Source Converters (VSCs).

Index Terms—Voltage Source Converter, short-circuit analysis,
grid equivalent.

I. INTRODUCTION

Short-circuit analysis is a fundamental task for operation,
control and proper protection tuning of power systems [1], [2].
Thévenin and Norton equivalents have been widely adopted
to represent the studied system for short-circuit analysis for
decades. This is because these equivalents naturally emu-
late the fault dynamics of synchronous generators, which
are considered as main sources of short-circuit current in
conventional power systems [3]-[5]. Modern power systems
are increasingly penetrated with power electronics converters
while phasing out conventional synchronous generators. Power
electronics converters are fully controllable devices with low
inertial and very limited overload capability, which have a
significantly different fault response compared to synchronous
generators [6]. Therefore, the conventional Thévenin equiva-
lent is not suitable for short-circuit analysis of power systems
dominated by power electronics [7].

Comprehensive studies on dynamic fault responses of power
converters have been reported in the literature. Dynamic
transient fault current model of inverters-based distributed
generators has been presented in [8], [9] considering convert-
ers’ current limitation. The PLL dynamics and PI controller
saturation effects have been included in [6], [10], [11] for
short-circuit analysis of power-electronics-dominated systems.
A dynamic fault model has also been developed for grid-
forming converters in [12], [13]. These studies are imple-
mented with the complete model of the studied system without
involving the concept of equivalent. An accurate equivalent

representation is still needed as it stands for an efficient tool for
short-circuit analysis of power-electronics-dominated systems.
This is especially critical for large-scale systems with many
converters.

Several attempts have been reported in the references to
obtain the grid equivalent representation for power systems
with power converters. Simplified impedance model for power
systems dominated by VSCs has been developed by reducing
model order of AC grids [14] or converter control [15]. The
equivalent impedance model of power-electronics-dominated
systems has been also developed using data-driven techniques
in [16], [17]. The studies focused on modeling in frequency
domain and therefore are not suitable for simulations under
large-signal disturbances (e.g. short-circuit fault).

On the other hand, equivalent model for dynamic transient
analysis has been also investigated in the literature. Dynamic
equivalent representation is obtained by aggregating several
power converters with homogeneous control [18]-[21]. Equiv-
alent model of power systems with power converters is also
developed with system identification techniques [22], [23] and
artificial neural networks [24]-[26]. However, the grid-support
functions and current-saturated operation of power converters
are not considered in these studies. Therefore, they are limited
to normal operation and cannot be applied directly to short-
circuit analysis.

Recent research interests have been raised for equiva-
lent representation for short-circuit analysis but limited with
steady-state approaches. In [27], fault current contribution
from a type IV wind turbine is expressed with a voltage-
dependent current source in order to accurately represent the
operation of converters under different depths of fault. The
similar equivalent representation has been also adopted for
short-circuit calculation of wind power plants with type III
turbines [28]. The authors of this paper have also proposed
a different grid equivalent representation based on voltage-
current mapping that can accurately capture the non-linear
characteristics of power converters in steady-state (including
short-circuit calculation) [29]. However, the steady-state ap-
proaches presented in [27]-[29] cannot be adopted directly
for dynamic short-circuit analysis as they only aim to identify
the steady-state equilibrium point and do not consider the fault
dynamics.

This paper proposes a new equivalent representation for
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short-circuit analysis of power systems with power electronics.
The proposed equivalent aims to extend the usage of conven-
tional Thévenin equivalent for not only steady-state conditions,
but to fault dynamics. The equivalent is parameterized through
short-circuit current measurements obtained from the studied
system with various fault impedances. The studied system
is expressed in single-phase with per-unit value assuming
a balanced voltage condition. Symmetrical three-phase to
ground faults have been studied for short-circuit analysis in
this paper. The proposed dynamic equivalent representation
has been tested in several VSCs-based studied systems and
validated through comparison with simulation results from the
complete model.

II. OVERVIEW OF VSC MODELING FOR SHORT-CIRCUIT
ANALYSIS

This paper first provides an overview of the VSC fault
modeling, which is an essential component of modern power
systems. The VSC can be modeled as a voltage source, u, sc,
in series connection with a phase reactor, z,,,., following the
equivalent scheme shown in Fig. 1.
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Fig. 1. VSC Equivalent Diagram and Control Scheme [30]

The VSC regulates the current exchange with the AC grid
at the Converter Connection Point (CCP) following the control
implementation. In particular, the current control loop tracks
the current reference value in gd frame with a second-order
response when ignoring the PLL dynamics [31]. However,
more complicated characteristics will be added to the dynamic
transient response of the VSC during the fault from the outer
loop control.

In case of fault conditions, the converter still follows the
constant active power reference, pg;sp, while the reactive
power injection will be modified to provide the voltage-support
function required by the grid codes [32]. Therefore, the PI
controller for reactive power will be frozen and hold the output
current reference, i49. Also, a voltage-droop grid support will
be activated and added to the reactive current reference 7}, such
that [30], [33]:

(D

% . *
g = tdo + kisp(ucon - ucon)

where k;s, is the voltage-droop gain for the grid support
current, u’,,, and u., are respectively the reference and the
measured value of the CCP voltage. The grid support function
imposes coupling between the grid voltage dynamics and VSC
current injection during the fault, which should be taken into
consideration in short-circuit analysis.

In addition, the current-saturation block is included in the
converter control to protect the semiconductor device from
being over-loaded during the fault. This current-saturation
block modifies the current reference value imposed on th
current control loop to ensure the actual current injection
magnitude from the converter will not exceed the maximum
value during the fault. Typically, the active current element,
14, i1s reduced in order to prioritize the reactive current, 4.
Therefore, depending on the current elements being saturated,
three states (unsaturated-USS, partially saturated-PSS and
fully saturated-FSS) are considered for the current-saturated
operation of the converter [30], [33]:

Zq—sat - Zq’ Y4d—sat = U4 USS

- _ ‘max?2 _ sx2. ;% gk

T sat = \/ 1 P57 A _sar = 1y PSS (2)
% — () 4% __ smax

Zq—sat - 07 Yag—sat = Yusc FSS

where iy, and i3, are current references value imposes
on the current control loop during the fault, 7} is the con-
verter nominal current. The current saturation scheme modifies
not only the converter set point in steady state but also the
dynamic responses as it blocks the signal from the outer loop
controller when the current limit has been reached.

It should be noticed that the grid-support control and
the possible current-saturated operation lead to diversified
responses of the converter with various fault conditions and
different parameters of the employed controller [6]. These
characteristics increase the complexity to obtain an effective
grid equivalent representation for short-circuit analysis. This
is especially for analysis of a studied system with several
converters as they might have with various controller tuning
and operate at different current saturation states during the
fault.

III. DYNAMIC EQUIVALENT FOR SHORT-CIRCUIT
ANALYSIS

In this Section, a different dynamic equivalent has been
proposed to accurately represent the studied system with power
electronics for short-circuit analysis. In particular, the pro-
posed equivalent is parameterized from dynamic simulations
with various short-circuit fault impedances in order to capture
the complex characteristics of the studied system.

A. Equivalent Parameter Estimation

In conventional power systems, the Thévenin equivalent
parameters are typically calculated from steady-state equi-
librium points (e.g. open-circuit and short-circuit operation
points) [S]. However, such a static approach might fail to
accurately capture the complex dynamic responses that arose
from fault responses of power converters. References on the
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short-circuit modeling of power converters suggest that the
short-circuit current contribution from converters typically
follows a second-order response, which can be represented
with the Thévenin equivalent [8], [9]. However, the Thévenin
equivalent parameters may vary from different fault conditions.

In this paper, the proposed equivalent representation adopts
the same scheme as the conventional Thévenin equivalent.
However, a different approach is adopted to identify Thévenin
equivalent parameters in order to accurately represent the fault
current response from a studied system with power electronics.
With the Thévenin equivalent representation from the fault
location, the short-circuit current response in s-domain, i.(s),
from the studied system with a tested short-circuit impedance,
Z4., can be expressed as follows [34]:

Zges

kw?
§2 4+ 28wy s + w2
where £ is the DC gain, ¢ is the damping factor and w,, is
the natural frequency. In particular, £ and w,, can be identified
using curve-fitting techniques from the time-domain results
of short-circuit current. In this paper, the transfer function
estimation block implemented in MATLAB, tfest, is adopted to
estimate the value of £ and w,,. In particular, the Levenberg-
Marquardt least squares method with zero initial conditions
has been adopted for curve-fitting for all case studies reported
in this paper. The nature frequency w, can be considered as
a constant, which is equal to the nominal frequency of the
studied system, assuming the grid frequency variation during
the fault can be neglected. While k is equal to the steady-
state value of the short-circuit current, which can be identified
from dynamic simulation. It should be also noticed that in
real applications, the studied system does not always achieve
the short-circuit equilibrium point depending on the dynamic
responses and fault clearance time. However, in order to
identify short-circuit current value, k, the fault duration should
be long enough in the dynamic simulation. An alternative is to
identify the short-circuit equilibrium point using a steady-state
approach [30], [33].

The Thévenin equivalent voltage, u;, can be identified from
the pre-fault voltage at the fault location. Then, the Thévenin
equivalent impedance, z;;, can be calculated by solving the
following equations:

k= lug! /(250 + 250l
£ =Rzl + 2.0) /S(zi + 24c)

Such curve-fitting practice based on dynamic simulation
results could ensure that the obtained equivalent could ac-
curately represent the fault current response of the studied
system with a specific fault condition. It should be noticed
that various curve fitting techniques can be adopted in different
applications. Additional studies can be performed to compare
the accuracy and computing efficiency of different methods.

3)

isc(s) =

“4)

B. Mapping of Equivalent Impedance

It can be observed that the Thévenin equivalent voltage is
determined by the pre-fault equilibrium point of the stud-

ied system and therefore is unvaried with different short-
circuit fault impedances. However, the Thévenin equivalent
impedance is identified considering both the steady-state value
and dynamic response of the short-circuit fault current. There-
fore, the Thévenin equivalent impedance might vary from
different tested short-circuit impedance values.

This paper proposes to map the Thévenin equivalent
impedance for various short-circuit impedances in order to
build the dynamic equivalent representation that covers differ-
ent fault conditions. Similar sampling-points based techniques
have been adopted by the authors of this paper to develop the
steady-state grid equivalent in [29] and to analyze the steady-
state grid strength in [35].

The proposed methodology to obtain the Thévenin equiva-
lent impedance map is summarized as shown in Algorithm 1.
The required input information of the algorithm includes the
Thévenin equivalent voltage, uig, vectors of tested short-
circuit impedance magnitudes, Z,., and angles, O,.. In par-
ticular, the Thévenin equivalent voltage can be identified from
the pre-fault operation point through power flow calculation
or dynamic simulation.

The short-circuit impedance, 2., is tested with IV,,, different
magnitudes and N, angles. Sampling points are properly
selected in order to cover the certain operation range of the
studied system in terms of fault impedance magnitudes and
angles. The constructed equivalent is only valid for short-
circuit analysis with the fault impedance within such range.

Dynamic simulations will be executed with each tested
short-circuit impedance, z,, = Zsc(1m)£0:(n,), inserted to
the fault location as the disturbance to the studied system. The
damping factor, £, can be identified through curve fitting from
the time-domain results of the short-circuit current, is.(t).
The corresponding Thévenin equivalent impedance, z;;!, can
be calculated following (4). Then, an interpolated function,
F¢,, can be obtained from data interpolation of the obtained
Thévenin equivalent impedance map corresponding to various
short-circuit impedance magnitudes and angles. In this paper,
such interpolant function is obtained using the scatteredInter-
polant function from MATLAB. As the result, the Thévenin
equivalent impedance of the studied system corresponding to
any tested short-circuit fault impedance can be estimated from
the identified interpolant function such that:

é:}z = Feq(zsc; 0z)

(&)

An alternative of the mapping to short-circuit impedance
is to match the equivalent parameters to various fault voltage
values, u,.. The fault voltage can be obtained by performing
the steady-state short-circuit calculation [36]. However, it is
more straightforward to adopt the mapping to short-circuit
impedance expressed in (5) as typically the fault scenario
is defined by the fault impedance value instead of the fault
voltage.

It should be also noticed that with a larger number of
sampling points, N, x N, the accuracy of the obtained grid
equivalent can be improved. However, higher computing time
will be required to execute simulations to build the equivalent.
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Algorithm 1:
impedance map
input : Thévenin equivalent voltage, u;;, tested short-circuit
impedance magnitudes, Zs., and angles,O.
output: Interpolated function Fi,

Obtaining Thévenin equivalent

begin
for n,, < 1 to N,, do
for n, < 1 to N, do
ésc - Zsc(nm)éez(na);
excute simulation with z_,
calculate z;,! following (4);
Zeq(nnw na) = é:z;
end
end
Fey = Interpolate(Zsc, Oz, Zegq), return F

& =tfest(isc(t));

end

IV. CASE STUDIES

The proposed dynamic equivalent representation is imple-
mented and validated with test systems with VSCs in this
Section.

A. Test System 1

The first test system is formed by the AC grid Thévenin
equivalent and a VSC in PQ control with the fast reactive
current injection during the fault to support the grid voltage
following the equivalent model expressed in [33]. With the
dynamic equivalent proposed in this paper, the studied system
can be expressed with the Thévenin equivalent from the fault
location as shown in Fig. 2. The parameters of this test system
are listed in Table I from the Appendix.

Studied System faylt location
PQ

Lh 2

Grid equivalent

eq
Uy, L
H =
eq
Zth

Fig. 2. Proposed grid equivalent for short-circuit analysis

In order to obtain the grid equivalent parameters, dynamic
simulations have been performed with several short-circuit
fault impedance values following Algorithm 1. In particular,
the fault impedance has been tested with the magnitude varied
from 0.01 to 1 pu and the angle from 60° to 90°. The identified
Thévenin equivalent impedance map is shown in Fig. 3. In
particular, the identified equivalent impedance is visualized
in terms of the real part, r;, and the imaginary part, xﬁf;,
corresponding to each tested fault impedance magnitude, 2.,
and angle, 6.

25® = 01603\

=0.1483

(a) Resistance (b) Reactance

Fig. 3. Identified Thévenin equivalent impedance map

Short-circuit analysis has been performed with two different
fault impedances, z,., = 0.5£65° and z,., = 0.05£90°,
inserted at the fault location indicated as shown in Fig. 2.
The tested fault impedance has been selected to represent
a moderate and a severe fault condition. However, the con-
structed equivalent can be also adopted to simulate different
fault scenarios. The Thévenin equivalent voltage, u;, is
unvaried with different short-circuit impedance and can be
identified from the pre-fault equilibrium point as explained
previously in Section III-A. While the Thévenin equivalent
impedance can be identified from the interpolant function ex-
pressed in (5). The identified Thévenin equivalent impedances,
200 = 5 4 gttt and 20 = 1% 4+ 2%, can be also
expressed as intersection points between each tested short-
circuit impedance and the impedance map surface as marked
in Fig. 3.

Dynamic simulations have been performed with both the
grid equivalent representation and the complete model of the
original studied system from MATLAB Simulink. In particu-
lar, the short-circuit impedance has been inserted to the fault
location, which represents the disturbance to the studied grid.
The time-domain simulation results of the short-circuit current
magnitude, i,., are shown in Fig. 4 for the two different
tested short-circuit impedances. It can be observed that the
dynamic simulation results obtained from the grid equivalent
representation proposed in this paper match with the results
from the complete model.

—original
2 proposed eq.

—original
proposed eq.

0.3 0.35 0.4
time (s)

(@) z4.; = 0.5£65° pu

0.45 0.5 03 0.35 0.4

time (s)

(b) 2400 = 0.05290° pu

0.45 0.5

Fig. 4. Comparison of short-circuit current magnitude in Test System 1

The grid equivalent has also been developed for Test Sys-
tems 1 with different sizes of the VSC. In particular, the VSC
has been tested with several values for the nominal current,
1540, The active power reference, p,.r, and the droop gain
for voltage-support control during the fault, £, are modified
in proportion to 7:2* for the VSC. For visualization purposes,
the short-circuit impedance has been tested with a fixed angle
0, = 90° and sweeping various magnitudes. The identified

Thévenin equivalent impedances corresponding to different

23rd Power Systems Computation Conference

’ Paris, France — June 4 — 7, 2024

PSCC 2024



sizes of the VSC in the studied system are shown in Fig. 5.
It can be observed that without penetration of the VSC (i.e.
1wt = 0), the identified grid equivalent impedance is constant
with different depths of fault. In particular, the grid equivalent
impedance is only determined by the AC grid impedance
in the studied system such that: z;/ = z,,. However, with
an increased size of the VSC, the identified grid equivalent
impedance, gfg, deviates more from AC grid impedance, z,,,
as both the dynamics and steady-state equilibrium point during
the short-circuit fault depends more on the VSC operation.
This is especially critical for the inductive element, x};, and
the resistive element, r;,, with a low fault impedance.

0.04

0.035

g 003

5

0.025

0.02

0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
z z,
sc s

(a) Resistance (b) Reactance

Fig. 5. Identified Thévenin equivalent impedance with different size of VSC
in Test System 1

B. Test System 2

The second test system of a PV power plant consists of
48 PV generation units (which are expressed with their AC
side inverter model for short-circuit analysis) and the main AC
grid expressed with the Thévenin equivalent with the scheme
shown in Fig. 6. The test system parameters and PV inverters
control are detailed in [33]. However, the proposed equivalent
can be also applied to grids involving other types of inverter-
based resource, such as wind power plants, as long as the
complete dynamic simulation model is provided.

Fault Location 2

Fault Location 1
PVI17 PVI21

20/110 kV

PVI33

Zth
Main Grid

0.420 kV|

—— B

PV Generation Unit Model

Fig. 6. Scheme of Test System 2

Short-circuit analysis is performed with two different fault
locations as indicated in Fig. 6. Therefore, grid equivalents
are constructed to represent the studied system respectively
from the two fault locations. The same range of short-circuit
impedances shown in Fig. 3 have been tested in order to
identify the Thévenin equivalent impedance map of Test
System 2.

The identified Thévenin equivalent impedance from Fault
Location 1 is shown in Fig. 7. It can be observed that the
identified Thévenin equivalent impedance is approximately
equal to the main grid equivalent impdance in the studied
system for most of tested fault cases. This is because the
fault current responses are dominated by the main AC grid.

However, when the short-circuit fault is tested with a high
fault impedance and a fault impedance angle 6, = 70°,
an increase RX ratio can be observed from the identified
equivalent impedance.

it = 0.0204

(a) Resistance (b) Reactance

Fig. 7. Thévenin equivalent impedance map of Test System2, Fault Location
1

Short-circuit analysis has been performed with the two
different fault impedances, z,., 0.5£65° and z,.»
0.05£90°, which are respectively inserted at Fault Location
1 shown in Fig. 6. The Thévenin equivalent impedance val-
ues are marked in Fig. 7 for each tested short-circuit fault
impedance. The time-domain results of the short-circuit cur-
rent from both the constructed grid equivalent representation
and the complete model of Test System 2 are shown in Fig. 8.

In addition, the simulation results have been obtained from
conventional Thévenin equivalent, which are shown with
green dashed curves in Fig. 8. In particular, the conventional
Thévenin equivalent is parameterized with the steady-state
equilibrium points in normal operation and during the fault
with a low fault impedance. It can be observed that the
conventional Thévenin equivalent generates more significant
error compared to the equivalent proposed in this paper
both in steady-state and during the fault transient. This is
specially critical for the case with a low fault impedance as
the obtained short-circuit fault waveform shows significantly
higher damping time.

—original
-~ Thévenin eq.

~proposed eq.

0.5 —original
-~ Thévenin eq.

0.3 0.35 0.4
time (s)

(@) z,.; = 0.5£65° pu

~proposed eq.

0.45 0.5 0.3 0.35 0.4

time (s)

(b) 245 = 0.05/90° pu

0.45 0.5

Fig. 8. Comparison of short-circuit current magnitude in Test System 2, Fault
Location 1

With a remote fault at Fault Location 2, the short-circuit
current dynamics are dominated by the operation of PV invert-
ers. Therefore, the identified Thévenin equivalent impedance
map, which is shown in Fig. 9, varies significantly from the
equivalent model obtained from Fault Location 1. In particular,
the magnitude of the Thévenin equivalent is higher compared
to Fault Location 1 as the short-circuit current magnitude
is reduced with a remote fault. Also, the identified equiva-
lent impedance varies from different tested short-circuit fault
impedances due to the complex operational characteristics
from the large number of PV inverters in the studied system.
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Fig. 9. Thévenin equivalent impedance map of Test System2, Fault Location
2

Dynamic simulations results of short-circuit current are
obtained from both the constructed grid equivalent repre-
sentation and the complete model as shown in Fig. 10. It
can be observed that the obtained equivalent representation
delivers the accurate results compared to the original dynamic
simulation model.

—original proposed eq.
0.3 0.35 0.4 0.45 0.5 0.3
time (s)

(@) z4.; = 0.5£65° pu

—original “proposed eq.

0.35 0.4 0.45 0.5
time (s)

(b) 2,5 = 0.05/90° pu

Fig. 10. Comparison of short-circuit current magnitude in Test System 2,
Fault Location 2

V. CONCLUSION

This paper proposes a dynamic equivalent representation
for short-circuit analysis of power systems with power elec-
tronics. The constructed grid equivalent follows the same
scheme as the Thévenin equivalent. In particular, the equiv-
alent impedance values are identified from the time-domain
results of the short-circuit current considering both the steady-
state equilibrium point and dynamic responses. In addition,
the equivalent impedance values are expressed as a map cor-
responding to various short-circuit fault impedances in order
to obtain the grid equivalent representation for different fault
conditions. This is different from the conventional Thévenin
equivalent which has a static format.

The proposed grid equivalent has widely potential appli-
cations in analysis and protection design of power systems
related to fault conditions with several benefits: compared to
conventional Thévenin equivalent, the proposed grid equiv-
alent can accurately represents the complex fault responses
of a grid dominated by power electronics; compared to other
analytical equivalents (reduced or aggregated converter mod-
eling), the construction of the proposed equivalent can be
automatized for studied systems with different configurations;
compared to short-circuit analysis with the complete model,
the grid equivalent representation can save the time to execute
the dynamic simulation without compromising the accuracys;
the proposed grid equivalent also stands for a new format of
information that can be delivered from the system operators

to power system designers when the complete model is not
available due to the data privacy constraints.

Further studies can be performed to extend the grid equiv-
alent proposed in this paper to cover the unbalanced voltage
conditions with different types of faults. In particular, both
the equivalent expression and the method to obtain the equiv-
alent needs to be revised in order to accurately capture and
characterize the studied system response with an asymmetrical
fault. Also, more case studies can be carried out to the studied
systems with power converters in different control modes (e.g.
grid-forming).

APPENDIX

Table I includes the parameters of Test Systeml. Test
System 2 parameters can be found in [33].

TABLE 1
PARAMETERS OF TEST SYSTEM 1

Parameter Value Parameter Value
Base value for per-unit system

Shase 20 MVA Ubase 110 kV
Studied system parameters in pu

Uth 1 Zin 0.02 + 50.10

fyae 1 Pdisp 0.5

ddisp 0 Kisp 2

uCOTL 1
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