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SUMMARY: Real-time estimation of short-circuit capacity under operational conditions
holds significant practical value for assessing the stability level of distribution grids under
various disturbance conditions. This paper employs the two-point method to solve circuit
equations and evaluate load-saving operational states. Based on non-disturbance
technology—weighted adaptive recursive least squares—the short-circuit capacity provided
by connected power sources is calculated. Through simulation analysis and verification,
taking a 110 kV substation in the Su North region as the research object, it can be observed
that the nighttime operating mode is relatively small, while the daytime operating mode is
relatively large. The non-disturbance method proposed in this paper for measuring
short-circuit capacity shows that if the ratio of load capacity to actual short-circuit capacity
exceeds 15%, the error will reach 10%. Therefore, this method can be further extended to
address grid safety issues and holds significant research value.

KEYWORDS: least squares method; simulation analysis; non-disturbance technology;
short-circuit capacity

1 Introduction

With the rapid development of power systems, the safety and stability of power grids have
become critical to the sustained development of the socio-economic sector. Short-circuit
current calculations in distribution grids are essential for the proper selection and
configuration of protective devices, serving as a key component in maintaining the safe and
stable operation of power systems [1, 2]. Traditional distribution grids, characterized by
unidirectional energy flow, can utilize node voltage equations to calculate short-circuit
currents [3]. However, with the increasing adoption of distributed power sources, particularly
in active distribution grids, short-circuit current calculations have become significantly more
complex [4].

There has been a change in internal topology of distribution systems due to the continuous
penetration of distributed energy sources (DERS) into them. Specifically, the conventional
form of distribution systems as a single-source system has gradually evolved into a more
intricate network with two or more ends [5-7]. Conversely, the conventional methods of

*ylp_sjtu@163.com
https://doi.org/10.65102/is2026489 Published: 30 April, 2026


mailto:ylp_sjtu@163.com

He et al.

calculating short-circuit currents are grounded on transient linear models of AC synchronous
machines and networks. However, as control methods used in the inverters influence the
dynamics at the interface between DERs and the location where these devices are connected,
non-linear relations between output current and voltage can be observed [8-12]. Moreover,
traditional methods do not apply to distribution systems with DERs because of the changes in
the equivalent circuit model that is applied to the calculation of the short-circuit currents, as
well as the aforementioned factors [13-16]. As the dynamics of these systems regulated by
power electronic converters have significant non-linearities, the traditional methods have
difficulties in being applied to short-circuit current calculations in active distribution systems
[17-29].

The symmetrical component analysis is one conventional method of performing short
circuit calculations, and it has been studied extensively by researchers in China and other
countries. To obtain high accuracy in the definition of the state of the system and the
short-circuit current, Ghanaatian, M., Lotfifard, S., et al. came up with a new algorithm to
compute the short-circuit current in distribution systems with inverter-based distributed
generation by combining the generalized minimal residual algorithm and the symmetrical
components to solve the fault model of the distribution network [20]. van der Blij et al.
eliminated imbalance issue in bipolar DC distribution system by splitting the DC system into
symmetrical components and developing symmetrical domain equivalent circuit depending on
the fault scenario, thus enabling estimation of the short-circuit current [21]. Castro, L., et al.
developed an efficient method of short-circuit current calculation based on symmetrical
elements and superconducting fault current limiter. Because of the nonlinear nature of
ScFCLs, this method is particularly well suited to the calculation of short-circuit currents of
radial distribution networks and meshed networks [22]. Yuan, S. et al. discovered that the
photovoltaic systems of renewable energy have low-voltage ride-through ability. In the
process of studying the characteristic of short-circuit current at various values of voltage
drops, they obtained the RMS voltage formula under steady-state short-circuit current
condition, which serves as a valuable basis of short-circuit current calculation of power grid
with large-scale photovoltaics [23].

The approach of phase components is widely applied to the calculation of short-circuit
currents of distribution networks since it is versatile and considers the asymmetric three-phase
parameters. Zhou et al. discovered that the significant level of mutual dependency between
fault mechanisms and control strategies in distribution networks alters the fault characteristics
of the latter. In order to address this issue, they proposed a three-step solution to calculate the
peak short-circuit currents in the distribution network using variable-structure control theory
and obtained the precise estimation of the peak of the short-circuit current in the distribution
network [24]. Short-circuit currents in distribution grids were examined with respect to the
influence of renewable energy feed-in by Balzer. Using the variable-structure converter as the
infinite internal resistance in positive sequence and computing the superposition of two
current components by the superposition theorem (short circuit alternating current and fault
location current) the author explored the interaction between access to renewable energy and
short-circuit currents [25]. Lin et al. proposed a technique to study grid stability using
measurement of impedance. They chose the D-Q frame impedance model as a conversion of
distribution networks to linear time-invariant systems and therefore separated three-phase
four-wire systems from single-phase loading, which may be used in short-circuit current
calculations [26].

To sum up, domestic and overseas scholars have conducted research on the method of
calculating the short-circuit current of distribution networks. Nevertheless, the current
methods of calculation are also subject to certain shortcomings, such as the fact that they are
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difficult to calculate, require complex models, do not consider the equivalent model of the
distributed power source, and are prone to errors because they use a simple circuit equivalent
modeling method. It is thus evident that more research needs to be done on the real-time
dynamic calculation approach of short-circuit current in distribution network.

To implement the real-time dynamic computation of short-circuit capacity in distribution
networks, the two-point method was chosen in this research to solve the circuit equations and
determine the Thevenin parameter expression and load shedding operation condition
assessment parameters are suggested. To calculate non-linear dependence between state of
charge and open circuit voltage and thus obtain the short circuit capacity of power source
connected to distribution network, non perturbation recursive least squares method is applied.
The algorithm presented in the current paper will be analyzed based on the error analysis and
simulation analysis under the condition of various short-circuit capacities using 110 kV
substation of SuNorth Region as an example.

2 Real-time dynamic estimation method for short-circuit
capacity in distribution networks based on non-
perturbation technology

2.1 Calculation of short-circuit capacity

Short-circuit capacity is an indicator of node voltage strength, reflecting the voltage stability
and load-carrying capacity of the node. When load node i is connected to a new power
source, the equivalent circuit of Davenport facing load node i [27].

The equivalent potential is E'T , the phase angle is 0, the equivalent impedance is
Z. =R, + jX,, the connected power source is EDG, the equivalent impedance of the power
source is Z,;, and the active and reactive powers of the newly connected power source are
P, Qpe - The voltage amplitude and phase angle of load node i are U, . The load power
is S, =P_+jQ,.

According to the definition, the required short-circuit capacity of load node i:

U 2
Ssc—i = - (1)
1Z, |
Define the short-circuit capacity available on the system side at node 1i:
. E
€ 1o (2)
|2, |

When not connected to a power source, there is a load of E,, =0 at the load node, i.e.,
S =0.
When the load node is connected to the power supply, there are:

Sgc =7 (3)
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The total short-circuit capacity that the system and power supply can provide is:
S =S, +S, @
By comparing the required short-circuit capacity of load node i with the actual

short-circuit capacity required by the load node, the operating status of the load node can be
identified. The operating status indicator @, of the load node is defined as:

0, == (5)

2.2 Evaluation method for load power saving operation status

Using the two-point method, the analytical expressions for the Thevenin parameters are
derived by solving the circuit equations, and the Thevenin parameters are calculated directly.
According to a certain migration law, only the magnitude of the active power and reactive
power at the observed load node is changed, while strictly maintaining the power at other
nodes in the power grid and the operating mode and topological structure of the system
unchanged, so that the operating domain point at the observed load node can be obtained [28].
By calculating power flows and conducting real-time monitoring, initial operating point
and domain point node voltage and load current data can be obtained at load node i. The
node voltage and current of the operating point and its neighboring points are represented by
VoL, 1, Zp, and V,.Zo,, |, L, , respectively.
Assuming that the operating point to domain point The Davenport parameters remain
unchanged, according to circuit theory:
ETejWT — |OZTeJ'(<Ao+¢>r) +V0ei¢’m 6
ETei% — |1ZTei(@1+%) +V1ej‘”vl (6)

By derivation, the analytical expressions for the four parameters of the node network
under test, namely the equivalent impedance modulus Z,, equivalent impedance angle ¢, ,

equivalent potential impedance angle y,, and equivalent potential E., can be obtained.
Among them:

_V,cosq,, —V, Cos @,
L Cose, —asing;

z

(7)

E; = Iy (R +R)? +(X; +X)? (8)

2.3 Calculation method for short-circuit capacity provided by the power
supply

When selecting a synchronous motor model as the power supply model, its parameters are
shown below. Generator equivalent potential modulus:

Eq = /(V + I, sin @)° + (I, Cos )’ 9)
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Equivalent impedance of generator:

Ze = JX, (10)
The short-circuit capacity that a single synchronous generator set can provide is S;C, S0
we have:

o (B

© = (11)
| Zeq |

Open circuit voltage is the precise parameter that can describe the state of charge (SOC)
of lithium-ion battery cells within the second-order RC equivalent model. There is a
non-linear relationship between SOC and OCV which may be derived using the SOC-OCV
graph.

This non-linear mapping can be obtained experimentally. The procedure is described
below: put the ambient temperature to 25C, charge and discharge the cell at 0.2C until it
increases its capacity by 0.1 C, hold on 10 minutes, and then keep charging or discharging
until the voltage has reached the threshold level of charging/discharging.

This paper involves experimentation on a single-cell lithium-ion battery and data
concerning SOC and OCV at both charging and discharging have been gathered. To this end,
mean OCV values at each SOC were taken as the ultimate values to be applied in non-linear
fitting of the graph. A polynomial order of 6 to 9 was found to be appropriate for the curve
fitting. When the order is too low, the curve details are not well handled, resulting in poor
accuracy. When the order is too high, overfitting issues may arise. After multiple experiments,
this study adopted an 8th-order fit.

The fitted 8th-order polynomial equation is:

f (z) = 245.53622° —843 8467z +1074.4691z° —533.42217°

(12)
—61.91752* +185.14917° —80.66982° +15.13147 + 2.2255
After obtaining the SOC-OCYV relationship, the weighted adaptive least squares method is
used to identify the parameters of the established battery equivalent model. The process is as
follows:
Laplace transform:

_U(s) = R, R,
U, (s) U(S)—(Ro T R1Cls+l+ chzsjl(s) (13)

With the difference between the open-circuit voltage and the terminal voltage Laplace
transform (U (s)—-U(s)) as the input, and the charge-discharge current Laplace transform

I(s) as the output, the transfer function of this model is:

(R, +R +R,)+(Ry7, + R,7, + Rz, + R,7;)s + Ry7,7,5°
1+ (z, +1,)8+1,7,8°

G(s) = (14)

Parameter identification is based on discrete sampling data, so equation (8) is transformed
bilinearly according to equation (9):
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21-2°
T 1+27

(15)

In the formula, Z =e™ isthe Z transformation operator. T is the sampling period. s
is the Laplace transformation operator.
The discrete transfer function of the model is obtained as:

a,+a,Z " +az”

G(Zz™H= 1
(27 1-aZ'-a,2” (16)
Equation (10) can be written in the form of a difference equation as follows:
y(k)=ayk-D+a,yk-2)+al(k)+a,l(k-1)+al(k-2) (17)

In the equation, a ~a; are undetermined coefficients; y(k) is the difference between

the open-circuit voltage and the terminal voltage at the k sampling time.
For convenience, let us write equation (11) in vector form:

y(k) = p(k)o(k)
oK) =[yk-1) yk-2) I(k) I(k-1) I(k-2)] (18)
ok)=[a a a a a]

When equation (12) is put into matrix notation and recursive least squares (RLS)

algorithm is employed, the criterion function will be considered to be the sum of squared
errors, and the recursive formula can be obtained as follows:

0(k) = 0(k =1) + K(K)[y(k) —(k ~1)0(k —1)]
P(k) =[1 =Kk -1)]P(k -1)

K (k) = P=Do (k-1)
1+ ok -)P(k-Dg' (k—1)

(19)

In the formula, &(k) is the parameter estimation matrix. P(k) is the covariance matrix.
K (k) isthe gain matrix. | is the unit matrix.

The use of RLS technique helps reduce the effect of uncertainties that exist in the
environment on the modeling process as well as the system parameters by updating these
parameters periodically. However, in situations where there is slow time variation of
parameters of the system, the accuracy in identifying these parameters becomes difficult with
RLS technique. For this reason, weighted adaptive recursive least squares method (WARLS)
is considered in the present research paper for parameter identification. With the use of
adaptive weight factor, the relative importance of old data against new data in the recursive
technique can be controlled.

The weighted adaptive recursive equation is:
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1 e’ (k)
1+ ok -1-)P(k-Do' (k-1-1) r
(k) =0(k -1)+ K(K)[r (k) - p(k -DO(k ~1)]
K(K) = P(k—1)¢' (k —1)T (20)
A(K) +p(k —)P(k -1)¢" (k -1)

A(k) =1-

Pw)zz%SPK00¢w—nu%k—n

In the formula, A(k) is the adaptive weighting factor; I,r is the weighting adjustment

coefficient, which is adjusted according to the estimated error e(k) = y(k) —@(k —1)8(k —1).
When the error increases, the weighting factor decreases; when the error decreases, the
weighting factor increases.

The corresponding coefficients are equal, resulting in the model parameter identification
equation:

Tl+T2 :]__]-;—Eiza-r
2
_l+a-a, T*

Tz, =
Y2 1-a-a, 4

a; +a, +ag
R+R +R,=—=—*_5 21
R (21)
—a,
R071+R012+R112+R271=&1—_;-T
a-3,+a T°
l1-a,—-a, 4

Ryni7, =

Equation (15) can be used to obtain an equivalent model of a lithium-ion battery. Using
this model, different estimation methods can be employed to estimate parameters such as the
battery's state of charge (SOC).

3 Simulation Analysis and Verification

Taking a 110 kV substation in northern Jiangsu Province as an example, its system connection
is shown in Figure 1.
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Figure 1: System connection

3.1 Error Analysis of the Algorithm

According to the “Annual Regional Power Grid Relay Protection Setting Plan and Dispatch
Operation Guidelines,” the nominal values of the system impedance for the 10kV Bus No. 2
at a certain 110kV substation under maximum and minimum operating conditions are
0.26/0.48 Q, respectively. If S; is taken as 100 MV A, and U, is 10.7 kV, then the

relationship between the unit impedance's nominal value Z" and the nominal value is:

U2 10.72

~1.1449Q (22)

B SB

Thus, the system impedance values of the 10kV busbar in the maximum/minimum modes
are as follows:

Z *= % =0.23567 p.u. (23)

max
B

Z *= % =0.42645p.u. (24)

min
B

As can be seen from the busbar voltage fluctuations caused by the switching of capacitors
at the 110 KV substation on a certain day, after the capacitor bank was switched on at 13:45,
the voltage of the 10 kV No. 2 busbar at the 110 kV substation rose from 10.17 kV to 10.30
KV: After the capacitor was disconnected at 22:15 on the same day, the busbar voltage
decreased from 10.45 kV to 10.29 kV. Given that the rated capacity of the capacitor bank
associated with the 10kV Bus No. 2 at this substation is 4500KkV, if the changes in grid
parameters under the capacitor engagement scenario are used as the basis for calculation, then
the short-circuit capacity of the 10kV Bus No. 2 at this substation can be estimated using
Equation (11):
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Sy, =354MV - A (25)

The system impedance magnitude value corresponding to the operating mode at that time
is:

S
Z,0,* =g =028411pu. (26)
d

Obviously, Z,.,*<[0.23567,0.42645], i.e., the current operating mode, is within the

operating mode specified in the “Annual Regional Power Grid Relay Protection Setting Plan
and Dispatch Operation Instructions” and is consistent with the actual operating conditions.

If the changes in grid parameters under capacitor removal are used as the basis for
calculation, then the short-circuit capacity of the 10kV No. 2 busbar of the substation is:

Sqo =290MV - A 27)

The system impedance magnitude value corresponding to the operating mode at that time
Is:

Ss.
Sd

* _
ZXT2 -

= 0.345544 p.u. (28)

The operating modes are shown in Figure 2. It is easy to see that the nighttime operating
mode is smaller, while the daytime operating mode is larger, which is consistent with the
actual operating conditions of the power grid.

10.50
10.45 A
10.40—-
10.35 '

® ]
£10.30

Volt

10.25
10.20;
10.15—-
10.10-

10.05 T b T L) T ~ T L T ks T
0:00 4:30 9:00 13:30 18:00 22:30
Time/(hh:mm)

Figure 2: The line voltage engraving curve before and after the capacitor

Still using the above case as a background, the measured current curve of the 10kV No. 2
busbar capacitor of the substation is shown in Figure 3.
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Figure 3: The current curve of the capacitor before and after the capacitor is cut

Because the busbar voltage has a certain correlation with the output capacity of the
capacitor, it will be better to calculate the real output capacity of the capacitor based on the
measured voltage and current of the capacitor itself. After the capacitor bank was energized at
13:45, the phase current of the capacitor was 251.56 A. Before the capacitor bank was
disconnected at 22:15, the phase current of the capacitor was 254.78 A. Therefore, the busbar
short-circuit capacity when the capacitor bank was energized is:

Sy +¥=353MV - A (29)
The busbar short-circuit capacity under the capacitor removal method is:

Sq o *=298MV - A (30)

*

Comparing the calculation results of S, .S, , and S, ;",S, 4,

value is:

the voltage variation

AU =Ug, —U,, =0.14kV (31)
If the vector method is used, then:
AU :U51_Uso (32)

Comparing the calculation results, it can be seen that the impact caused by changes in
capacitor output capacity due to busbar voltage is negligible. In engineering calculations,
using the rated capacity of the capacitor directly can meet the requirements of practical
applications. Additionally, USO and US1 in Equation (11) should both be vectors; however,
vector calculations are relatively complex in engineering applications. Therefore, all examples
in this paper use scalar calculation methods. Whether the resulting errors significantly affect
the calculation results, both theoretical analysis and actual operational conditions indicate that
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under normal load variations, the power angle difference of the busbar voltage generally does
not exceed 6< Using the aforementioned example as a backdrop, under capacitor operation
mode, the voltage variation values calculated using the scalar method are shown in Figure 4.

As can be seen from the figure, when the angle is less than 0.2< the calculation errors of
the two algorithms are very small. However, as the angle increases, the errors also increase
significantly. When the angle is 0.5< the calculation error reaches 16%. The conclusion is that
the reduction of the voltage angles difference between the initial and final stage of the
operation change can be achieved through the computation of accurate results. According to
the concepts of power system analysis, the angle difference of the voltages of different
operation conditions is proportional to the change in the active power produced by the busbar.
In the aforementioned example, the active power output from the busbar before and after the
capacitor was connected was 15.27 MW and 15 MW, respectively. Similarly, before and after
the capacitor was disconnected, the active power output from the busbar was 17.82 MW in
both cases, with almost no change, indicating that the results have good computational
accuracy and align with engineering practice.

20
19
18 i Actual voltage difference
S Estimated voltage difference
S 174
8 4
& 16
—N 4
£1s
‘(—G‘ 4
é 14
E
S 13—.
12 1
11 1
10 T T T N T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
Work Angle/(°)

Figure 4: Error of voltage difference between vector and scalar method

3.2 Simulation analysis of different short-circuit capacity levels

In order to test the suitability of the non-disturbance approach proposed in this paper, the
values of the short-circuit capacity were selected as 200 MVA and 1,500 MVA. The results of
the simulation with various parameters are given in Table 1.

As you can see in Table 1, the largest measurement error is 2%. It implies that it is a
simulation error created under extreme conditions where the short-circuit capacity parameter
IS 200 MVA - a value near to the load MVA. The result confirms that the measurement
technology proposed in this work will guarantee extremely precise outcomes even in normal
and exceptional situations.

Considering its contribution relative to other writings, one may note that here is a
considerable difference. This is due to the suggested measurement principle, which will be to
introduce the phase angle between the bus voltages before and after disturbance. Previous
research work had performed all calculations based on the variations in voltage, which was
very flawed and could not take into account the effects of the load currents on the bus
connections. According to the simulations, if the ratio of load capacity to real short-circuit

11
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capacity exceeds 15 percent, the error of traditional technologies is 10 percent. Therefore, the
non-disturbance short-circuit capacity measuring method proposed in this paper solves much
of the problem and is highly practical.

Table 1: Analysis and simulation test results

S/IMVA 0/(°) AU/V S/IMVA A%
1500 0.2285 388.8 1508 -0.64
1000 0.3812 563.4 998.7 -0.26

800 0.5226 689.5 800.9 -0.05
700 0.6339 768.9 700.5 0.10
600 0.8047 870.6 603.8 0.26
500 1.0522 1005 504.8 0.45
400 1.478 1184 403.8 0.78
300 2.216 1389 303.8 1.25
200 3.682 1608 205 2.08

The voltage stability of each bus node in the model was assessed, and the results are
shown in Table 2.

Analysis of the values in the table shows that node 2 has the lowest voltage stability index
of only 0.0324, which means that this node has a strong load-bearing capacity and the best
voltage stability. Node 1 has a voltage stability index of 0.3552, which is the highest among
the nodes tested, indicating that it has the least stable voltage.

Table 2: The voltage stability evaluation of each node short circuit capacity

Waiting node R \oltage stability sort
1 0.3552 1
2 0.0324 5
3 0.1156 4
4 0.3389 2
5 0.2478 3

Comparison of the voltage stability indicators calculated with the help of the continuous
power flow method and the indicators obtained through measuring the short circuit capacity
of each node are given in Table 3.

It is also possible to find that the indicators of voltage stability assessment of the grid
busbar voltages measured by the short circuit capacity proposed in this paper are consistent
with the indicators of assessment of each node measured by the continuous power flow
method. The agreement also substantiates the effectiveness of the proposed approach. It is
worth noting that the continuous power flow method has stringent convergence limits on
voltages and it is quite challenging to compute. Nevertheless, the proposed voltage stability
assessment approach of the power grid busbars based on the measured short circuit capacity
does not suffer the convergence issue when solving the power flow equation and therefore
offers a relatively easy solution method with acceptable assessment indicators.
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Table 3: The results of the voltage stability of each node were compared

Waiting node Vi/kV Va/kV Ti Ti Index sort R Index sort
1 1.382 1.289 0.064 1 1
2 1.416 1.357 0.042 5 5
3 1.448 1.384 0.048 4 4
4 1.369 1.277 0.062 2 2
5 1.387 1.302 0.0574 3 3

4 Conclusion

The techniques employed in the current paper involve non-perturbation-based methods that
are based on the weighted adaptive recursive least square and two-point technique of
estimating the short circuit capacity and voltage stability index in distribution systems in real
time. According to an error analysis and simulations, it may be concluded that the night
operating mode of a substation of 110 kV in the Subei region is relatively smaller compared to
the day operating mode that is relatively larger and is consistent with the operating mode of
the power system. The maximum error that will be generated irrespective of the value of the
short circuit capacity will not go beyond 2 percent.
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