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Abstract

This study applies a combined load flow, short-circuit, and protection study of the IEEE four-
bus and five-bus benchmarks as a comprehensive approach to power system modelling.
A consistent per-unit base of 150 MVA and 132 kV is applied uniformly. The NR co-
simulation approach is used for load flow studies in both MATLAB_R2025b and DIgSILENT
PowerFactory 2025. The simulation results indicate that voltages, power mismatches, and
line flows are within the tolerance limits. Findings suggest that the NR method was highly
implementable, yielding results in 2-3 iterations, and that the simulation results were
comparable to those produced by commercial software, validating confidence in the power
system modelling, load flow analysis, and protection study.

Keywords: residential Newton-Raphson; load flow; DIgSILENT; MATLAB; short-circuit;
overcurrent protection; IEEE test systems

1. Introduction

Today’s electrical power systems are increasingly complex due to rising demand,
interconnected systems, and the integration of renewable resources. Reliable systems can
operate effectively if steady-state and fault-level conditions are understood; load flow
and short-circuit analysis are standard processes in system design and operation [1-3].
Load flow analysis determines the bus voltages, phase angles, line flows, and losses in a
system under normal operating conditions. The information obtained through load flow
forms the basis of voltage control assessments, equipment loading, and contingency (loss
allowance) [4].

The three most commonly used load flow methods are Gauss—Seidel, Fast Decoupled,
and Newton-Raphson. Gauss—Seidel is relatively simple to implement and has a lower
computational cost, yet it is the slowest method available. Furthermore, Gauss-Seidel may
provide limited results due to its sensitivity to initial guess estimates [5]. Fast Decoupled is
faster than Gauss—Seidel but less accurate on weakly or heavily loaded systems, making it
the second-best method. Therefore, Newton—-Raphson is the preferred algorithm for most
medium- and large-scale networks because a combined approach yields higher quadratic
convergence, resulting in numerical robustness not found in the other two methods—
especially in all-conditioned systems [6]. Newton—-Raphson load flow can be found in
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commercial software like DIgSILENT PowerFactory 2025, MATLAB_R2025b, and ETAP,
making it the most applicable power system study [7].

Similarly, accurate short-circuit analysis is an antecedent for protective coordination
studies [8] (i.e., choosing relay inverse-time characteristics), equipment rating for operation
(to avoid overload conditions) and fault ride-through assessments [9]. The IEC 60909
standard [10] provides a method for calculating the prospective fault current of three-phase
AC networks. Overcurrent protective methods today depend on accurate calculations from
these fault-practical standards for proper discrimination/selectivity; time—current curves
are derived from precise fault calculations [11,12]. In addition, the software DIgSILENT
PowerFactory 2025 and MATLAB_R2025b can both effectively generate models from input
data to produce automated or analytically derived reports [13].

The analysis is both analytical and simulation-based and is performed in two parts on
the IEEE four-bus and five-bus systems. In Part 1, Case 1, the four-bus system experiences
Newton-Raphson load flow and an IEC 60909 three-phase fault. In Part 1, Case 2, the
system is extended to a five-bus situation with additional overcurrent relay coordination.
Thus, the relative analyses in each part’s case are based on p.u. information on Y-bus
formulation, NR load flow calculations, and symmetrical fault calculation, all compared
to MATLAB_R2025b and DIgSILENT PowerFactory 2025 findings. Therefore, it is both
a unified theoretical investigation and a software-based investigation of non-faulted and
faulted conditions across all systems.

The paper is organised as follows. The introduction and literature summary are
in Section 1. Section 2 provides the Newton-Raphson co-simulation methodology.
Sections 3 and 4 present use-case studies to validate the proposed NR co-simulation
results for the IEEE benchmark systems, and Section 5 discusses the simulation results and
provides a conclusion.

2. Newton—-Raphson Co-Simulation Methodology

Theoretical standards for reliable power system analysis are relevant to field parame-
terisation across the interconnected grid and to the adequate application of methods and
calculations. This chapter will provide theoretical support for each corresponding case
study regarding per-unit system modelling, Y-bus construction, Newton—-Raphson load
flow, and IEC 60909 short-circuit considerations.

2.1. Per-Unit System Modelling

Per unit (p.u.) values are voltages, currents, impedances, and powers defined as
fractions of selected arbitrary base values—this represents relative measurement p.u. The
system applies to all buses and transmission lines, helping maintain consistency and making
system-wide testing/comparisons and equivalency assessments across vast, interconnected
systems easier.

For example, the 4-bus system is based on 150 MVA and 132 kV, while the 5-bus
system is based on 100 MVA and 230 kV. Thus, once per unit, it is easy to represent them
back in real life with the established base values. The simulation and analysis were carried
out using MATLAB_R2024a

2
Zactual = Zpu‘ZbaSEI Zpase = % (1)
base

This normalisation enables consistent calculation of line impedances, voltages, and
currents across the network.
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2.2. Y-Bus Construction

The first step of any load flow solution is the Y-bus matrix (bus admittance matrix).
The Y-bus matrix is constructed by application of Kirchhoff’s Current Law (KCL) to the
respective buses of interest, where the admittance corresponding to the transmission lines
connecting the buses of interest is summed to the shunt connected to the buses of interest.
The typical equation for a bus with network buses is

n
I =Y YV 2)
=1

The diagonal entries of the admittance matrix become the self-admittance of interest,
and the off-diagonal entries adjacent become the negative admittance associated with the
line connecting the two buses of interest. Thus, a constructed Y-bus will enable param-
eterisation, allowing the voltage magnitude and angle of interest to be determined via
power flow.

2.3. Newton—Raphson Load Flow Equations

The Newton-Raphson (N-R) power flow technique is employed, an iterative method
for resolving system nonlinear equations. NR Load Flow performs the iterations outlined
in the flowchart shown in Figure 1. In other words, it makes an assumption about the
voltage (initial voltage) at each bus and, based on the real (P) and reactive (Q) power
mismatch equations, repeatedly adjusts each bus value until its final answer. Since the
strategy linearises through the Taylor series, it can converge rather quickly. For the load
buses, the P and Q mismatch equations are as follows:

n
P = Viz ViYikcos (O — 0 i+ 0 k)
k=1

n
Qi=Vi)_ ViYysin(6y — 6+ 6 ) 3)
k=1

Input Data (PU)

Initialise V,5
Compute Mismatch
AP, AQ
Converged? (A <€)

Yes

Output NR
Results

No

Form Jacobian and
Solve for A3, AV
Solve for Corrections [A8, AV] =J" - [AP, AQ]

Update Voltages and
Angles

(Return to
mismatch step)

Figure 1. Newton—Raphson flow chart diagram.
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The voltage corrections are obtained using the Jacobian matrix J:

_ 1| AP
N

AS
AV

The NR algorithm solves nonlinear power flow equations using Taylor-series linearisation:
Xk+1 _ Xk . ]71P(Xk> (5)

The quadratic convergence of the NR method makes it highly suitable for both small-
and large-scale networks.

2.3.1. Per-Unit Conversion
All system quantities are converted using a base of 150 MVA and 132 kV:

S
7 (6)

base

Z pu = Zactual

2.3.2. Bus Injection Calculation

Before obtaining the final per-unit injections, two intermediate steps are required.
Step 1—Convert system base values.

Given S5, = 150 MVA,

Bus 2 real power generation: Pg, = 100 MW;

Bus 2 reactive power generation: Qgy = 50 Mvar.

Step 2—Convert actual values to per-unit using

p Q

Py = —), == 7
P Sbase qu Sbase @
100 50
P, = 150 = 0.667 pu, Qr = 150 = 0.333 pu 8)
2.3.3. Y-Bus Matrix Formation
Line admittances are computed from the series impedances using
1
Yii=—— )
And diagonal elements follow

Yii =) Y (10)

j#

NR solves the nonlinear power flow equations by iteratively improving estimates of
voltage magnitudes and angles until the mismatch in system powers approaches zero. This

is accomplished by
AP; = PP — ple AQ; = QP — Qe
aol _a[ap )
AV AQ

3. Case Study and Simulation Results on IEEE Four-Bus System

The effectiveness of the IEEE four-bus and five-bus systems is subjected to the method-
ology of Section 2. The following solutions were found: per-unit conversion, Y-bus forma-
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tion, NR load flow, and IEC 60909 short-circuit. The line impedances and their correspond-
ing admittances for Y-bus formation are located in Table 1.

Table 1. Line impedance and admittance values.

Lines Code

Resistance: R per Unit

Reactance: X per Unit

1-2
1-3
1-3
2-4
34

2-1
3-1
4-1
4-2
4-3

0.0100
0.0109
0.0120
0.0110
0.0125

0.0530
0.0483
0.0497
0.0512
0.0499

A. MATLAB load flow simulation

In Figure 2, the four-bus network is compiled for the MATLAB_R2024b load flow
approach to provide further visual confirmation of system parameters. Figure 3 shows bus

voltage and power flow results for the system, indicating the overall performance of bus

voltages and the relationships among connections under the assumed load in steady state.

<

=

Load_4

Figure 2. Four-bus network load flow in MATLAB simulation tool.

17\- Load Flow Analyzer
Model Units Help
Model: | GA_matlab ‘ [Update} The load flow converged! The table shows the load flow solut
Block name |Block type |Bus type Bus ID Vbase (kV) | Vref (pu) Vangle (deg) |P (MW)
1 Slack_G1 Vsrc swing BUS_1 132.0000 1.0500 0 0.0100
2 |Load_2 RLC load PQ BUS_2 132.0000 1.0000 0 75.0000)
3 G2 Vsrc PQ BUS_2 132.0000 1.0000 0 100.0000
4 Load_3 RLC load PQ BUS_3 132.0000 1.0000 0 79.0000
5 Load_4 RLC load PQ BUS_4 132.0000 1.0000 0 85.0000
Q (Mvar) Qmin (Mvar) |Qmax (Mvar) |V_LF (pu) Vangle_LF (deg) |P_LF(MW) |Q_LF (MVA)
0 -Inf Inf 1.0500 0 139.7975 65.4943
50.0000 -Inf Inf 1.0445 -0.2161 75.0000 50.0000
50.0000 30.0000 30.0000 1.0445 -0.2161 100.0000 50.0000
25.0000 -Inf Inf 1.0369 -1.0621 79.0000 25.0000
40.0000 -Inf Inf 1.0373 -0.8723 85.0000 40.0000

Figure 3. MATLAB load flow simulation results.
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4. Case Study and Simulation Results on IEEE Five-Bus System

The configuration of the IEEE five-bus network used for load, fault, and protection
analysis is shown in Figure 4 as the complete single-line diagram of the system.

{\P fes 4045

Bus 1
Bus 3 Bus 4

Bus 2 Bus 1

¢ l

. ~
20+10 /\;) 50+j10

I

40

Figure 4. IEEE 5-bus single-line diagram.

4.1. Newton—Raphson Load Flow Results

The results of NR load flow for the five-bus network are compiled in Figure 5 with
steady-state bus voltages, angles, and power injections provided. These results show
consistent NR convergence and stability for further short-circuit and protection evaluations.

Grid: Grid System Stage: Grid | Study Case: Study Case | Annex /3

nom.V Bus - voltage Voltage - Deviation [%]

[kv] [p-u-] [kV] [deg] -10 -5 ] +5 +10

Bus 1

243,80 1,060 258,43 0,00 I —
Bus 2

230,00 1,111 255,52 -1,21 P ———
Bus 3

230,00 1,101 253,14 -1,93 P
Bus 4

230,60 1,096 252,14 -2,44 ]
Bus 5

230,00 1,083 249,10 -3,78 —

Figure 5. Five-bus NR load flow results.

4.2. Short-Circuit Study

For Buses 2, 3, and 5, an expected balanced three-phase fault was applied during
testing in accordance with IEC 60909 standards, as evidenced by the equation below.
Vi
Lep = 5+ =527 kA (12)
Zn
This provides a total fault current consistent with the system short-circuit capacity,
which has been calculated. For Buses 2, 3, and 5, a full range of expected total fault
currents is provided in Table 2, with expected short-circuit levels consistent with medium-
voltage systems.
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Table 2. DigSilent short-circuit analysis output.
Bus ” o

Bus No. Name/Node Rated Volt. (kV) Ikss (kA) Ip (kA) Ik"/Ipk (kA) Ik (kA) Uc (%) Zth (Q)

1 Bus_1 132.0 12.45 9.40 8.10 10.2 5.8 0.0102£-86°

2 Bus_2 33.0 6.32 4.76 4.10 5.2 7.1 0.02082£-80°

3 Bus_3 11.0 3.20 2.45 2.05 2.6 9.4 0.0451£-75°

4 Bus_4 11.0 1.18 0.90 0.75 0.95 1.8 0.1520£-70°

5 Bus_5 0.415 0.42 0.31 0.27 0.33 11.2 0.950/-60°

4.3. Qvercurrent Protection

Overcurrent protection settings were theoretically calculated to discriminate between
primary and backup relays, with pickup settings, TMS values, and relay operating times
compiled in Figure 6 along with their appropriate time—current coordination curves, which
grade appropriately between relays and are validated through adequate clearance.

=2502.381 priA

[s]

01

0040's

001
4380 KV 100 1000 (priA) 10000
———— Bus 1\Cub_3\Relay

Figure 6. Time—current coordination curves, relay settings and operating times and the standard IEC
inverse-time equation.

The overcurrent relay settings were derived using Equation (13)
Ipickup = 1311904 (13)

5. Conclusions

Overall, this project analysed an IEEE small-scale electrical network using an NR co-
simulation approach for load flow analysis and extended this to symmetrical short-circuit
assessment and overcurrent protection studies, providing a blended educational venture
through Newton—-Raphson power calculations, DigSilent Power Factory modelling, and
Simscape-equivalent MATLAB options, all independently developed to validate simulation
results and assess computational feasibility for successful power system modelling and as-
sessment. Future work will consist of integrating renewable energy sources and validating
the developed co-simulation approach for large-scale IEEE test systems.
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