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Abstract: With the large-scale integration of renewable energy into the grid, traditional short-circuit
current (SCC) calculation methods for synchronous generators are no longer applicable to inverter-
based non-synchronous machine sources (N-SMSs). Current SCC calculation methods for N-SMSs
often use a single-machine multiplication method, which tends to overlook the internal variability of
N-SMSs within power plants, leading to low calculation accuracy. To address this issue, this paper
first derives an analytical expression for SCC in grid-connected inverters under low voltage ride
through (LVRT) control strategies. Then, a single-machine steady-state SCC calculation model is
proposed. Based on the classification of N-SMSs, a practical SCC calculation model for renewable
power plants is introduced, balancing accuracy and computational speed. The feasibility of the model
is validated through simulations. The proposed method enables simple calculations to obtain the
steady-state voltage and SCC at the machine terminal, offering strong engineering practicality.

Keywords: low voltage ride through; short-circuit current; inverter; renewable power plants;

non—synchronous machine sources

1. Introduction

In recent years, with the large-scale integration of renewable energy into the power
grid and the widespread application of high-voltage direct current (HVDC), the power
system has been evolving toward a high proportion of power electronics [1], significantly
altering the fault characteristics of traditional synchronous machine-dominated grids.
When a short-circuit fault occurs in the power system, it is necessary to calculate the SCC
for relay protection [2]. Unlike traditional synchronous generators, the SCC of renewable
energy, which is integrated via converters, is influenced by control strategies [3,4].

Research on the SCC of N-SMSs, based on the fault progression, can be divided into
transient and steady-state SCC studies. These studies mainly focus on constructing mathe-
matical models of converters, deriving analytical expressions for SCC under different fault
conditions, and examining the effects of pre-fault states, low-voltage ride through (LVRT)
control strategies, and current-limiting parameters on steady-state SCC. For transient SCC,
the control loops of converters are analyzed, and analytical expressions for SCC are derived
through system transfer functions or differential equations [5-8]. Regarding steady-state
SCC, control strategies for voltage source converters (VSCs) are introduced, and the impact
of current-limiting values on SCC is analyzed [9]. A steady-state SCC calculation model for
doubly fed and permanent magnet wind turbines is also developed, considering the effects
of LVRT control strategies [10]. Typically, when calculating steady-state SCC, N-SMSs are
modeled as voltage-controlled current sources based on LVRT control strategies. At present,
research on single-machine SCC for N-SMSs is relatively comprehensive.

However, renewable power plants often comprise dozens or even hundreds of N-
SMSs, making it impractical to construct detailed models and perform analytical SCC
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calculations for each unit during faults. The main method currently used for calculating
SCC in renewable power plants is the equivalent method. This study proposes a practical
method called the single-machine multiplication method, combined with the traditional
SCC calculation approach for synchronous generators, to introduce a local iterative method
for the fault region [11]. Although the single-machine multiplication method simplifies
the entire renewable power plant into an equivalent non-synchronous machine source, its
simplicity comes at the cost of precision, as it neglects the internal variability of the wind
turbines in the plant. Hence, accurate equivalent modeling of renewable power plants
remains a key challenge. Existing equivalent modeling approaches typically reduce the
complexity of renewable power plants based on specific parameters. Wind speed, rotor
speed, stator voltage, and real-time active power are selected as clustering indicators, and
the doubly fed induction generator is grouped using fuzzy C-means clustering [12]. The
fault and fault transition process is discussed, and through the grouping of the active
power ramp recovery control module, the photovoltaic power station is subjected to
equivalent clustering [13]. One method classifies hybrid wind farms based on turbine types
and control strategies [10]. Another method categorizes wind farms according to initial
wind speed and steady-state terminal voltage during faults, achieving high accuracy but
increasing computational complexity due to iterative calculations of terminal voltage [14]. A
further approach analyzes the impact of fault severity and current limiters on active power
output, grouping generation units based on the degree of voltage drop, which significantly
improves accuracy compared to the single-machine multiplication method [15]. An iterative
short-circuit current-voltage algorithm that considers the internal structural parameters of
wind farms has been proposed, achieving substantial improvements in convergence, though
it increases the number of iterations [16]. A quasi-Newton iterative algorithm is used to
calculate the short-circuit current under high proportions of distributed power sources.
While the power grid model with voltage and current mutual iteration has good overall
calculation accuracy, it includes a large number of variables, making it time-consuming for
large-scale wind farm integration [17]. However, due to the nonlinearity of voltage and
current, the above calculation methods often rely on iterative processes, raising concerns
about convergence and computational resource demands.

To address the aforementioned issues, this paper first introduces the control strategies
of N-SMSs, and then, based on typical control strategies, derives analytical expressions for
SCC. Subsequently, it analyzes the response characteristics and underlying mechanisms
influencing SCC, establishing a single-machine SCC calculation model for N-SMSs. Fur-
thermore, the paper proposes a method for calculating steady-state fault voltage at the
grid connection point and, considering the internal structure of renewable power plants,
develops an SCC calculation model for renewable power plants. Finally, the feasibility of
the proposed SCC calculation method is verified through simulations in PSCAD/EMTDC.

2. Classification and Control Strategies of N-SMSs
2.1. Control Strategies of N-SMSs

The SCC calculation method proposed in this paper is closely related to the classifi-
cation and control strategies of N-SMSs. Therefore, the control strategies for N-SMSs are
introduced first.

The typical structure of a non-synchronous power source is shown in Figure 1 [18]. In
Figure 1, Uy, represents the DC-side voltage of the voltage source converter (VSC), and uy
represents the AC bus voltage on the grid side of the VSC. At a macro level, N-SMSs can be
categorized into two grid-connection modes: grid-following and grid-forming.
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Figure 1. Typical structure of N-SMSs.

The primary distinction between grid-following and grid-forming N-SMSs lies in how
they maintain synchronization with the grid. Grid-following sources use a phase-locked
loop (PLL) to synchronize with the grid, which requires the grid-following N-SMSs to be
connected to an active grid for operation. Grid-following N-SMSs can be further classified
into two types based on their ability to support AC bus voltage: PV grid-following and PQ
grid-following sources. Both types aim to maintain the DC-side voltage Uy, at a setpoint
Ug. or the active power P at a setpoint Ps. The key difference between them is that
the PV grid-following source aims to maintain the VSC grid-side bus voltage amplitude
Usm at a setpoint, Usm*, analogous to a PV node in power flow analysis. In contrast, the
PQ grid-following source aims to maintain the reactive power output Qs of the VSC at a
setpoint, Qs", which corresponds to a PQ node in power flow analysis.

On the other hand, grid-forming sources maintain synchronization with the grid
via a power synchronization loop (PSL). Based on the adjustable range of active power,
grid-forming N-SMSs can be further divided into two types: VO grid-forming and PV
grid-forming sources. The difference between the two is that the PV grid-forming source
can only operate when connected to an active grid.

The four types of N-SMSs mentioned above all utilize a three-loop controller structure,
with the outermost loop tailored to their respective control objectives. The inner dual-loop
controllers, however, are conventional inner-outer loop controllers, a control strategy that
is well-established and widely adopted. These controllers typically adopt proportional-
integral (PI) control. Taking the PQ grid-following non-synchronous power sources as an
example, their control principle is illustrated in Figure 2, where the control equations for
the dual-loop system are presented.

ug = (kp + )k( —zq) + Rigq + wLiq + ugq 1)
iqo" = (kvp + “2)(ugc™ — uqc)
" = 0

where

the superscript “*” denotes the reference values for the controller;

uq and uq represent the d-axis and g-axis components of the inverter bridge output

voltage;

ig and iq denote the d-axis and g-axis components of the inverter output current;

L and R are the AC-side filter inductance and resistance;

w is the synchronous angular velocity;

kyp and ky1 are the proportional and integral parameters of the voltage outer-loop

controller, respectively;

e kp and kj are the proportional and integral parameters of the current inner-loop
controller;

® g4 and ugq represent the d-axis and g-axis voltage components at the power source port;

e 14 is the DC bus voltage of the inverter;
o iy and iqo* are the d-axis and g-axis current reference values under steady-state
operating conditions.
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Figure 2. Diagram of grid connected inverter and its control system.

2.2. LVRT Control Strategy

During a short-circuit fault in the power grid, the terminal voltage of N-SMS drops,
requiring these sources to supply reactive current to support the grid voltage. At this point,
the voltage control outer loop is deactivated, and the reference values for the current inner
loop are determined by the LVRT control strategy.

Taking wind farms as an example, according to the grid connection standards [19],
during symmetrical faults, the LVRT requirements specify the provision of reactive current
during the voltage dip period:

Al = Ky x (09 — Uy) x Iy,02 < Uy < 0.9 @)

where

Al; represents the incremental dynamic reactive current injected by the wind farm;
Kj is the proportional coefficient of the dynamic reactive current for the wind farm,
with a value range of no less than 1.5 and preferably no greater than 3;

Uy is the per-unit value of the voltage at the point of grid connection for the wind farm;
Iy is the rated current of the wind farm.

In this paper, Kj is set to 1.5, and because the wind farm operates under a unit power
factor condition, the reference value for the reactive current during the LVRT period can be
derived as follows:

I;* = 1.5(09 — U)In,02 < Uy 0.9 ®)

Due to the current limiting protection requirements of the inverter, the maximum
value of the active current during the LVRT period is as follows:
*

- Imaxz - Iq>‘<2 (4)

Idmax
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where

e Igmax is the upper limit of the active current;
®  Inax is the current limit of the inverter,
. Iq* is the reference value of the reactive current.
At this point, the command value of the active current is the minimum between the

pre-fault active current command value and I, - Therefore, the current inner loop
command value during the LVRT period is as follows:

iq" = min(ido, Idmax*) (5)
iq" = 1.5(0.9 — Uy)In

The complete control block diagram is shown in Figure 2.

2.3. Response Characteristics of SCC in N-SMSss

During steady-state operation, the grid-connected converter of the N-SMSs adopts
a steady-state grid connection control strategy, with a reactive power command of 0 to
achieve unit power factor operation. When a short-circuit fault occurs externally to the
N-SMSs, the voltage at the point of common coupling (PCC) drops. If the voltage falls
to the threshold for LVRT, the converter control strategy switches to LVRT mode. At this
point, the “power-voltage” outer loop of the dual-loop control structure is locked, and the
command value for the current inner loop is directly given by (5). Consequently, the SCC
response process during this period is determined by the parameters of the PI controller in
the current inner loop, the transfer function of the converter, and the transfer function of
the filtering circuit.

During the fault, only the command value of the current inner loop’s PI controller
changes. Therefore, investigating the time-domain response characteristics of the current
inner loop is essential to consider its impact on the transient process of SCC.

Due to the control strategy employed to suppress negative-sequence currents, the
reference value for negative-sequence current is set to zero during both normal operation
and fault conditions. During faults, only the reference value for the positive-sequence
current in the dual-PI current inner loop changes. Therefore, the impact of the positive-
sequence current inner loop on the transient process of SCC is considered by studying its
time-domain characteristics.

Figure 3 illustrates the structure of the g-axis current inner loop. The term Kj,, + Kj; /s
represents the transfer function of the PI controller in the current inner loop, where Kj, and
Ki; are the proportional and integral coefficients, respectively. The term Kpwn /(Tpwm /s + 1)
represents the transfer function of the inverter, which is a first-order inertia element. Here,
Kpww is the inverter gain, and Tpwy is the inertia time constant. The term 1/(Ls + R)
represents the transfer function of the terminal filtering circuit, where L, R are the inductance
and resistance, respectively, of the connection between the terminal and the external grid.

i R
aqa + Ky Kowm 1 I
" S ToumS +1 Ls+R

Figure 3. The positive-sequence g-axis current inner loop.

Based on this, the open-loop transfer function of the current inner loop can be written
as follows: o
KpwmKip (s + KT';)
~ sL(s + R/L)(sTpwm + 1)

(6)
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After the fault, the reference current changes. Considering a typical unit step change,
the output current is as follows:

- 1 qu(s) 7)
17 51 + Gig(s)

A study [20] utilized fault recording data to verify the parameters of the current inner
loop, resulting in a unit step response adjustment time of 8.5 ms for the current inner loop,
as shown in Figure 4. This indicates that when the reference value experiences a step change
after the fault, the current inner loop will control the output current to match the reference
current value within several milliseconds, leading to a very short transient process. The
SCC quickly transitions into a steady-state process after the fault. However, because the
change in the reference value is not necessarily a step change, the actual response time of the
current inner loop may be slightly longer. Simulations using a typical permanent magnet
synchronous generator model show that the SCC enters a steady state in approximately 10
ms. The average response time of SF circuit breakers is from 40 ms to 100 ms, providing a
theoretical basis for determining the applicability of the proposed SCC calculation model.

1.0+

0.0 T T T T T T T T T 1
0. 000 0. 002 0. 004 0. 006 0. 008 0.010

Time/s
Figure 4. Current inner loop unit step response curve.
During the LVRT control period, as the voltage outer loop is deactivated, the current

response is only influenced by the current loop. Neglecting the resistance, R, the analytical
expression for the SCC during the fault period can be derived as follows [7]:

e %n! sin(wgyt + B)

Z'd = Z'd* + (ido_id*) \/@

Lk iq*efé“’htsin(wdtJr/S) (8)
lq - lq B \/1,(":2
where
& = kip/(2v/Lkj)
wn = Vki/L
wyg = wpy/1—22
B = (arctan\/1—¢2)/¢
where

¢ is the damping ratio of the second-order system;

wn is the natural angular frequency of the second-order system;

wq is the damped oscillation frequency;

B is the damping angle, iy is the active current component before the fault.
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After the transient components of the SCC have fully decayed, it can be observed from
(6) that the SCC ultimately stabilizes to the reference current value. Combining the active
power output before the fault and the inverter limiting, the calculation model of the fault
steady-state SCC can be obtained as

iqg = iq" = min(igo, Iqmax ") 9)
iq = ig" = 1.5(0.9 — Uy)Iy

2.4. Influence Mechanism of SCC in AC System Connected to N-SMSs

As indicated by (5), under the LVRT control strategy, the N-SMSs can be regarded
as a voltage-controlled current source. The higher the PCC voltage, the smaller the SCC
produced by the N-SMSs. The PCC voltage is primarily influenced by the distance from
the fault point to the PCC and the fault impedance. Therefore, for the same type of fault,
the farther the fault is from the PCC and the greater the fault impedance, the higher the
PCC voltage will be, and the smaller the SCC contribution from the N-SMSs will be.

3. Practical SCC Calculation Model for Renewable Power Plants

Renewable power plants contain a large number of N-SMSs, which are connected
to the collection lines through step-up transformers at the machine terminals. Multiple
collection lines converge into the interconnection lines, and then the power is integrated
into the grid through a step-up substation. When a fault occurs in the power grid, causing a
voltage sag, this voltage drop is transmitted through the lines to the terminals of the N-SMSs.
Due to the presence of line and transformer impedance, as well as the spatial distribution
of N-SMSs, the steady-state terminal voltage of each generator differs. Consequently, the
steady-state SCCs injected after the fault also vary.

To obtain a more accurate estimation of steady-state SCC, it is necessary to determine
the precise value of the steady-state terminal voltage. This paper first introduces a method
for calculating the steady-state voltage at the point of grid connection during a fault. Based
on this, a chained structure method is proposed for calculating the terminal fault steady-
state voltage and SCC within renewable power plants. The detailed calculation method is
introduced below.

The method presented in this paper is mainly applicable to the calculation of SCC
during three-phase ground faults. In the case of LVRT, if an asymmetric fault occurs,
relevant standards require the power plant to inject positive-sequence dynamic reactive
current to support the recovery of positive-sequence voltage, while absorbing negative-
sequence reactive current from the grid to suppress the rise of negative-sequence voltage.
Therefore, the method in this paper does not apply to asymmetric faults. The following
calculations are carried out under the positive-sequence network.

3.1. Determination of SCC Calculation Method

When a fault occurs outside the renewable power plant, the PCC voltage drops. The
extent of this voltage drop determines whether the renewable power plant enters the LVRT
mode. First, using the single-machine multiplication method, the renewable power plant is
regarded as a large-capacity non-synchronous machine source. Initially assume that the
renewable power plant enters the LVRT state during the fault. By considering the impact
of reactive power on raising the PCC voltage and calculating Us; following the steps in
Section 2.2, if Ugt < 0.9, the assumption is correct, and the calculation proceeds according to
the method in Section 2.3. If Ut > 0.9, the assumption is incorrect, meaning the renewable
power plant has not entered the LVRT state, and the appropriate calculation method is
selected according to the control strategy.

Based on the previous classification of N-SMSs, wind power and photovoltaic systems
typically adopt PQ control or PV control.
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If PQ control is used, because the P and Q command values remain unchanged during
the fault, the PCC voltage is set to 0.9. Based on the following power and current equations,

the maximum SCC can be calculated as
. 3 . . o 3 .
P =3 (ugdzd + ungq) = 5Ugigq 10)
Q= %(”gqid B ”gdiq) = —3Ugiq

If PV control is used, the control method is the same as that of a synchronous generator,
and the SCC calculation method is the same as that for synchronous generators.
The determination process for the SCC calculation method is shown in Figure 5.

Caleculate the Uy

Select the

determine whether to h
calculation method

enter the LVRT
U4=<0.9?

Calculate
according to the jd€—Yes
method in 2.3

according to the

control strategy

Figure 5. SCC calculation flowchart.

3.2. The Calculation Method for the Steady-State Voltage at the Point of Common Coupling (PCC)

The calculation method for the PCC voltage Ust shown in Figure 5 is as follows.

When a short-circuit fault occurs outside the renewable power plant, the renewable
power plant can be regarded as a large voltage divider. The minimum depth of the PCC
voltage drop is related to both the fault impedance and the system impedance [14,21]. A
schematic diagram of an external fault at the renewable power plant is shown in Figure 6.
The fault occurs at the location indicated by the red arrow.

Renewable energy station

Figure 6. External fault of renewable power plant.
(1) Calculate the minimum depth of voltage drop using the short-circuit impedance:

Z

—|E 11
Z + 7 an

umin = ‘

where

o  Upin is the amplitude of the PCC voltage at the moment of the fault;
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Z is the fault impedance;
Z1 is the impedance from the fault point to the system;
E is the voltage amplitude of the infinite bus, which can be taken as a per unit value of 1.

In subsequent calculations, all variables are expressed in per unit values.

(2) The reactive current injected by the renewable power plant into the system will raise
the PCC voltage [22]. Therefore, according to the superposition theorem, the steady-state
voltage at the PCC can be expressed as follows:

ust = umin + AU (12)

where

o  Ug is the steady-state voltage at the PCC during a fault in the renewable power plant;
e Al is the voltage rise caused by the reactive power injected into the system by the
renewable power plant.

(3) During the fault steady-state period, neglecting the influence of active power on
voltage and the resistance of the lines, the effect of reactive current on the voltage can be

expressed as follows:
3 Z7;

where

e Iy is the reactive current provided by the renewable power plant during the fault;
e 7 is the impedance from the renewable power plant to the fault point.

(4) During the fault steady-state period, the reactive current is related to the terminal
voltage of the generators. To simplify the calculations, ignore the differences between the
various N-SMSs in the renewable power plant and use the single-machine multiplication
method, treating the renewable energy source as a large-capacity N-SMSs. In this case, the
reactive current provided by the renewable power plant can be expressed as follows:

Igz = 1.5N(0.9 — Ug)In (14)

where
e  Nis the number of N-SMSs units within the renewable power plant.

(5) When the fault conditions and parameters of the renewable power plant are known,
only I4 and Ust remain unknown in (9) to (12). By solving these equations simultaneously,
the steady-state voltage at the PCC during the fault can be determined as follows:

Us = 8ININZ3 + 40Umin
st = T 9ONINZ3 + 40 (15)
Zy = A4, + 7
3 7+ Z 2

3.3. 5CC Calculation Method for Renewable Power Plants Under LVRT

In the steady state following a fault, N-SMSs can be treated as voltage-controlled
current sources. With the PCC voltage known, determining the steady-state voltage at the
generator terminals and the injected current becomes a power flow calculation problem.
Power flow calculations typically use iterative methods, which can be complex. Given that
renewable power plants often utilize chain or radial topologies [23], this paper proposes
a simplified method for calculating steady-state SCCs based on these topological charac-
teristics. The following outlines the calculation steps using the chain topology illustrated
in Figure 7.
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Figure 7. Renewable power plant internal loop.

(1) Number the internal lines and nodes of the renewable power plant.

Assign numbers to the internal lines and nodes of the renewable power plant. The
first node in the system is the PCC, numbered as (0). The nodes representing N-SMSs are
numbered sequentially. The line number corresponds to the number of the N-SMSs at the
endpoint of that line.

(2) Construct the loop-branch incidence matrix C.

Based on the topology, derive the loop-branch incidence matrix C, where the rows
represent loops and the columns represent branches. If a loop passes through a particular
branch, the corresponding element in the matrix is set to 1; otherwise, it is set to 0. Using
the line information, construct the loop-branch reactance matrix X as follows:

X=CX; (16)

where
e X is the column vector of branch reactance.

(3) Calculate the terminal voltage of the N-SMSs.
The voltage equations between adjacent nodes are given by

3 3
Ui — Uy = JlgsXi = EZIXXi (17)

where

e  Uj and Uj are the fault steady-state voltages of two adjacent non-synchronous power
nodes.
X; is the line reactance of branch i,
Igs is the reactive current injected by node i + 1, which is the sum of the reactive current
supplied by node i + 1 and the downstream asynchronous machine, and the reactive
current generated by each asynchronous machine is determined by the low voltage
crossing strategy, namely,

Igs = 15 % (0.9 — Uy)Ix (18)

The linear Equations (13) and (14) for the machine terminal voltage can be listed
as follows:

U, — Uy X1(0.9 — Uy)

: 9 r :
u—U | = ZINC X;(0.9 — ;) (19)
u, — Uy X, (0.9 — Uy,)

(4) Calculate the SCC of the renewable power plant.
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According to the terminal voltage and LVRT strategy, the SCC of each non-synchronous
machine is calculated, and the SCC of the plant is obtained by summation.

ig; = iq;" = min(igo, Igmax") (20)
g = g’ = 15009~ Uy)In
n
I = .Z I; (21)

4. Results

In order to verify the feasibility of the method proposed in this paper, combined with
the actual engineering, a detailed model of a renewable power plant, as shown in Figure §,
was built in PSCAD. The plant mainly includes a wind turbine, back-to-back converters,
box converters and main converters. The wind turbine is connected to the box transformer
(0.69 kV/35 kV) through back-to-back converters, then to the 35 kV bus through the
collection line, and then to the 220 kV system through the main transformer (35 kV /220 kV).
Due to the similarity of the collecting lines, the calculation example includes one collecting
line with ten wind turbines, each rated at 2 MW capacity (permanent magnet direct drive).
The spacing of the units is selected as 1 km, and the basic wind speed is set as 10 m/s.
The main parameters of the wind farm are shown in Table 1. The grid-connected inverter
adopts the control strategy shown in Figure 2. The fault occurs at the location indicated by
the red arrow.

33/220kV Transtormer

U U, U, | (N n
I

0.69/35kV Transtormer Collector lines

35kV i 220KV

Figure 8. Sketch diagram of the detailed wind farm model.

Table 1. Main component parameters of permanent magnet wind field.

Type Parameter Value
35kV line Impedance 0.13 +0.23j O/km
Transformation ratio 0.69/35 kV
Box-type transformer Capacity 2.24 MW
Impedance 6.39%
Transformation ratio 35/220 kV
Main transformer Capacity 100 MW
Impedance 13.54%

The sum of the equivalent impedances of the AB and BC sections of the line is
Zac = (243 + 6.91j) Q). The impedance of the AB section is Z,,, and let vy = Z,,/Z,.
By changing vy, the fault location can be adjusted. The greater the value of vy, the closer the
fault is to the PCC. Set y to 0.25, 0.5, and 0.75, and set the short-circuit impedance Z to 1 (),
2 (), and 3 (), respectively. A three-phase short-circuit fault is applied at t = 1 s, with the
fault point located at point B marked by the red arrow in Figure 8. The fault lasts for 0.5 s.

The method proposed in Sections 3.1 and 3.2 was used to calculate the fault steady-
state voltage at the end of each wind turbine in the wind farm, and the simulation results
were compared, as shown in Figure 9 and Table 2. In Figure 9, the terminal voltage of the ten
wind turbines at different fault locations and transition impedances is shown. The dashed
lines represent the simulation results, and the solid lines represent the calculated values.
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Table 2 shows the maximum relative error between the simulated and calculated voltage
values of the wind turbines under different fault conditions. The calculation method for
the relative error is as follows:

calculated value — simulated value

relative error = - x 100%. (22)
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Figure 9. Fault steady-state voltage of each wind turbine in the different fault situations. (a) y = 0.25;
(b) y =0.50; (c) y =0.75.

Table 2. Maximum voltage error of wind.

Maximum Wind Turbine Voltage
Relative Error/%

423
0.95
—-2.20

2.24
—2.26
—3.44

—-2.29
—4.00
—4.60

Y Short Circuit Impedance/Q)

0.25

0.50

0.75

WP, WONNRFR, | WN =

Table 3 presents the simulated SCC of the wind farm and PCC voltage under different
fault conditions, the calculation values using the single-machine multiplication method, and
the calculation values obtained using the method proposed in this paper. The calculation
errors relative to the simulated values were also computed according to Equation (20).
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Table 3. The short-circuit current of the wind farm.
. . Single- The The
. . PCC Voltage . Smgle.:-l\/'[acl}me Machine Proposed Proposed
Short Circuit . Simulated Multiplication . .
Y Simulated . Multiplica- Method Method
Impedance/Q) Value/kA Calculation . . . .
Value/p.u. Value/kA tion Relative  Calculation Relative
atue Error/% Value/kA Error/%
1 0.2086 0.4059 0.4223 4.04 0.4055 —0.11
0.25 2 0.3451 0.3511 0.3583 2.03 0.3482 —0.84
3 0.4552 0.2978 0.3098 4.01 0.3022 1.46
1 0.2808 0.3797 0.3878 212 0.3762 —-0.92
0.50 2 0.4561 0.2976 0.3095 4.02 0.3019 1.47
3 0.5790 0.2478 0.2605 511 0.2556 3.16
1 0.4570 0.2975 0.3092 3.95 0.3017 1.40
0.75 2 0.6651 0.2264 0.2309 1.97 0.2279 0.63
3 0.7723 0.2028 0.2030 0.10 0.2019 —0.46

As shown in Figure 9, under a certain fault condition, the terminal voltages of the
individual wind turbines are not identical, and the voltage increases as the distance from the
grid connection point increases, which is due to the presence of line impedance. The figure
also reveals the drawback of the single-machine multiplication method, which overlooks
the internal differences within the wind farm, resulting in significant calculation errors.
From Table 2, it can be seen that the maximum error between the method proposed in this
paper and the simulated voltage does not exceed 5%, demonstrating the accuracy of the
proposed method.

From Table 3, it can be seen that for the same fault location, as the fault impedance
increases, the PCC voltage increases, and the SCC injected by the wind farm decreases.
For the same fault impedance, the closer the fault point is to the PCC, the higher the PCC
voltage and the smaller the SCC injected by the wind farm. Comparing the three conditions:
v=025,2=3;v=05,Z=2;and y =0.75, Z = 1, it is found that the PCC voltage is nearly
the same in all three cases, and the SCC is also similar. This indicates that the SCC injected
by the wind farm mainly depends on the PCC voltage.

From Table 3, it can be seen that the SCC accuracy obtained by the method proposed in
this paper shows a significant improvement compared to the single-machine multiplication
method, which verifies the feasibility of the method discussed in Section 2. When the
internal differences within the wind farm are small, such as when there are only a few
wind turbines connected to a single collection line, the terminal voltage variations between
individual turbines are negligible, and the single-machine multiplication method can be
used. However, as demonstrated in the example, when there are 10 turbines on a single
line, the method proposed in this paper reduces the error by nearly half.

Compared to other iterative algorithms, the algorithm proposed in this paper has a
time complexity that is linearly related to the number of wind turbines, without the issue
of convergence. This significantly reduces the computational resources required.

5. Conclusions

Improved accuracy in fault detection and SCC estimation enhances the design, pro-
tection, and operation of renewable power plants. It allows for more reliable protection
systems, reduced costs, and more efficient integration with the grid. These benefits not
only improve the safety and economic performance of the wind farm but also contribute
to a more resilient and stable power grid, which is critical as renewable energy becomes
an increasingly larger part of global electricity generation. In the design of wind farm
electrical protection systems, the accurate calculation of short-circuit currents is essential
for the proper selection and sizing of protective devices. For instance, in a wind farm sub-
station, circuit breakers are required to protect the electrical network connected to multiple
wind turbines. If the short-circuit current is underestimated, engineers may inadvertently
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choose circuit breakers with insufficient interrupting capacity. This miscalculation could
result in delayed fault clearance, allowing fault conditions to persist longer, potentially
causing significant damage to sensitive equipment, such as turbines or transformers, or
even leading to cascading failures within the grid. Conversely, by employing accurate
short-circuit current calculations, engineers can ensure that circuit breakers with appro-
priately rated interrupting capacities are selected. This enables timely fault detection and
isolation, thereby enhancing system reliability and minimizing the risk of extensive equip-
ment damage and grid instability. Such precision in short-circuit current estimation thus
directly contributes to both the operational safety and cost-efficiency of the wind farm. An
inaccurate short-circuit current estimate may lead to over-protection, resulting in frequent
and unnecessary disconnections of renewable energy sources during transient conditions.
By using more accurate calculations, engineers can reduce such occurrences, leading to less
frequent power interruptions and better overall plant efficiency, which in turn improves
economic returns by ensuring that the plant operates closer to its full potential.

According to the control strategy of the N-SMSs, the analytical expression of short-
circuit current under LVRT has been derived in this paper. Then, according to the classifi-
cation of the N-SMSs, a calculation method of fault steady-state voltage and short-circuit
current of the N-SMSs in a renewable power plant without iterative calculation was pro-
posed. The simulation results were verified using a single-machine infinite bus system
and a real wind farm. The method is suitable for N-SMSs with different grid-connected
strategies. The calculation principle is simple and no iteration is required, and the accuracy
is greatly improved compared to single-machine multiplication, which provides a reference
for the control and protection of renewable energy systems.

When using this model, attention must be given to the low penetration control strategy.
The model derived in this paper is based on a case where K; = 1.5. In fact, the method
remains applicable for other values of Kj; it only requires following the derivation steps
accordingly. In this paper, when calculating the fault steady-state voltage of the junction
point, the single machine was used to multiply, and only the reactive current was consid-
ered when the fault steady-state voltage and short-circuit current of the computer were
considered, both of which affect the calculation accuracy. The method in this paper is only
applicable to three-phase short-circuit faults. For other fault types, the requirements for
positive-sequence and negative-sequence reactive current are different, so this method
does not apply to asymmetric faults. For asymmetrical faults, sequence network analysis
can be introduced to divide the power grid into positive, negative, and zero sequences. A
positive-sequence short-circuit current has been analyzed in this paper. Negative-sequence
short-circuit currents can be analyzed using a method similar to that used for the positive
sequence. The zero-sequence short-circuit current is related to the transformer connection
mode and whether the neutral point is grounded. Because the method proposed in this
paper is based on a reactive-power-prioritized low penetration strategy, it is not applicable
under other control strategies. Due to the insensitivity of node voltage to active power, the
computational model presented in this paper can still be considered. However, attention
should be paid to the analysis of errors when applying it.

The SCC under asymmetric faults and other LVRT control strategies can be further
studied. How to reduce errors is a problem that needs further consideration.
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