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Abstract

The addition of renewable energy sources (RES), including photovoltaic (PV) and wind
generation technology, has introduced new challenges and opportunities for modern power
systems. This paper examines the functionality and reliability of a hybrid PV—wind-
integrated 9-bus power system evaluated in DIgSILENT PowerFactory. The system has
been designed with two solar PV plants, two offshore wind farms, multiple loads, and
transformer interconnections, and aims to evaluate steady-state, dynamic, and contingency
behavior. The system was evaluated using load-flow, quasi-dynamic, and RMS simulations
to assess power balance, voltage stability, and fault recovery. The outcomes indicated
convergence, balanced power flow, and system resilience under single-contingency condi-
tions. This paper shows the effectiveness of the power system simulation tool for analyzing
hybrid renewable power systems.

Keywords: hybrid power system; photovoltaic; wind energy; load flow; quasi-dynamic
simulation; contingency analysis; DigSILENT PowerFactory

1. Introduction

The global energy transition has led to the extensive integration of renewables, primar-
ily solar PV and wind, into modern power networks. These distributed, meshed systems
enable decarbonisation while also being much more reliable and resilient. Their intermittent
and variable nature, however, presents challenges for voltage stability, harmonic distortion,
and frequency control [1-3]. The hybrid PV-wind system improves reliability by providing
a complete solution to solar and wind intermittencies [4,5]. Analyzing the integration of
renewable energy and its consequent ramifications on the power system has increased the
use of power system modeling frameworks, such as DIgSILENT PowerFactory Version
2025. Renewable sources modeling for harmonic assessment was investigated in [6,7]. PV
models in DIgSILENT grids were tested for predictive precision in the Malaysian grid mod-
els’ dynamic performance [8] for large-scale PV system integration, with focus on South
African grid codes and LVRT, as well as reactive power control. Further to this, [9] and
other authors [10,11] emphasized the importance of grid-support functionalities that are
essential for maintaining voltage control and dynamic rate. Numerous investigations have
been conducted on hybrid system optimization and control strategies [12], recommending
hybrid control strategies for coordinated control of hybrid PV-wind systems. Ref. [13] stud-
ied the multi-objective optimization problem for grid-tied renewable systems, and [14,15]
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worked on the hybrid RES in microgrid applications to improve microgrid reliability and
cost-effectiveness. Also, adaptive algorithms such as fuzzy logic and model predictive
control have been employed to address voltage stability during weather changes [16,17].

In the resilience assessment, hybrid systems must cope with grid faults, adapt to
changes in renewable energy sources, and handle load fluctuations. The resilience met-
rics introduced in [18] and further developed in [19] enable a systematic analysis of a
system’s recovery and robustness over extended periods of operation without external
support. Multiple contributions have been made to studies on renewable integration
in classical benchmark networks, such as the IEEE 9-bus system. The most recent, pre-
sented at the IEEE Global Energy Conference 2024, explores load flow and fault studies in
renewable-penetrated systems. Previous studies have also explored modeling of renew-
ables, harmonics, and grid code compliance using DIgSILENT PowerFactory tools. While it
provides information on steady-state and transient phenomena, this previous work on the
IEEE 9-bus network focuses primarily on operational feasibility rather than on quantifiable
aspects of resilience [20].

This paper is structured in the following way. Section 2 covers the hybrid PV-wind
system and its modeling approach, and explains the design calculations that set the system
parameters. The load flow analysis, quasi-dynamic, and RMS simulations to evaluate
the system’s time-dependent behavior are performed in Section 3, and assessed for re-
silience under contingency scenarios in Section 4. Finally, Section 5 concludes the paper by
presenting the conclusions and outlining the main outcomes and their industry relevance.

2. System Description and Modeling

The designed system includes nine buses connected via four transmission lines, two
PV plants (8 MW and 18 MW), two wind turbines (40 MW and 20 MW), three loads, and
five transformers. This model was built in DigSilent PowerFactory (DPF), as shown in
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Figure 1. Single-line diagram of the 9-bus power system network.
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Design Calculations

The design comprises an 18 MW photovoltaic (PV) plant and two wind turbine (WT)
farms, 40 MW (WT1) and 20 MW (WT2), for a total of 60 MW. The design considers global
best practices for large-scale renewable integration, including optimized sizing, energy
yield calculations, and design reliability.

A. PV2Plant Design for 18 MW

The design of the 18 MW solar PV plant entails determining the most economically
viable configuration for the required number of photovoltaic modules, inverter sizing, and
the DC-to-AC ratio to achieve optimal plant performance and system efficiency.

(1) Determination of PV Modules

The calculations below are for Equation (1), assuming an individual PV module rated
at 400 W (0.4 kW). This means the total number of modules Npy needed for an 18 MW
(18,000 kW) installation is given by the following equation:

P 18,000kW
Npy = b = 0AKW = 45,000 panels 1)
p panel

(2) Inverter Sizing

String inverters are modular and dependable, which is why they are popular in utility-
scale systems. Each inverter has a nominal capacity of 250 kW, and the number of inverters
Njyp required is:

Py 18,000 kW

Nipp = P = T B0KW = 72 inverters 2)
mo

inverter

(3) DC-to-AC Ratio

To account for irradiance fluctuations, temperature effects, and inverter efficiency, an
over-sizing ratio of 1.1-1.25 is typically applied. Contemplating a ratio of 1.2, the effective
DC capacity per inverter is:

Ppc = Py x 1.2 = 250 kW x 1.2 = 300 kW 3)

Therefore, the number of panels per inverter is:

Npy = Ppc 300,000 W — 750 panels

w0 Ppapel 400% inverter

(4)

This configuration optimizes DC bus utilization and enables it to serve multiple
functions under varying solar conditions.

B.  Wind Turbine WT1 Design (40 MW)

At first wind installation (WT1), each turbine is rated at 2 MW. The power curve model
presents the correlation between wind speed, V, and power output P(V). There are three
operational power generation regions:

e Region1: V < V,;_;;—No power generation;
e Region 2: Vi <V < V,yeq—Power increases polynomials with wind speed;
o Region 3: Vyyeq <V < Voyt—our—Constant power at rated capacity.
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The power output model is presented as:

0, lf V< chtfin
_ ) k
P(V) = Prated(%) if Vawr—in <V < Vyatea )
Pmted, if Vrated <V< chtfout
where
e P4 = Rated power output;
o  V.i—in = Cut-in wind speed;
o Ve = Rated wind speed;
o Veyt—out = Cut-out wind speed;
e k= Exponent determining the shape of the curve.

m m
Prated =2 MW, Vioypin = 3€/ Viatea = 12m/s, Veyt—out = 25?/ and k = 3.

To attain a total installed capacity of 40 MW, the essential number of turbines is:

Pt 40 MW .
== W 20 turbines (6)
turbine

Nwrt1

P rated

By applying the above power curve function across varying wind speeds, the aggre-
gated wind farm generation profile can be estimated to evaluate the capacity factor and
annual energy yield.

C. Wind Turbine WT2 Design (20 MW)

For the secondary wind installation (WT2), identical turbine specifications are assumed
to ensure model uniformity and simplify maintenance. The total quantity of turbines
required for a 20 MW configuration is:

_ Pt _ 20 MW

- MW
2 turbine

Nwro = 10 turbines (7)

P rated

The same analytical model used for WT1 is applied to WT2, enabling integration
of both subsystems into the 9-bus architecture for collective performance and reliability
evaluation.

D. Wind Turbine Power Curve Data and Validation

Initially, we needed to assess WT1’s power output across different wind speeds to
characterize its performance. Wind-power characteristics are summarized in Table 1. This
shows the typical power output nonlinearity as a turbine progresses from cut-in to rated
operation. From the discrete wind speeds and the electrical power generated at those
speeds, the turbine’s power curve was created. This serves as validation of the WT1
model’s behavior, which we will compare with the empirical datasets later in the text.
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Table 1. WT1 power curve: wind speed vs. electrical power output.

Wind Speed m/s Power in MW
4.435 0.152398
7.615 0.812386
10.308 1.511297
11.487 1.718976
11.815 1.762164
12.107 1.797685
12.549 1.844666
12.56 1.839808
12.709 1.748383

’

We used operational data from the [20] platform to improve the simulated turbines
features. As shown in Table 2, the dataset includes synchronized time series data with
UTC and local timestamps, recorded wind speeds, and power output for a comparable
wind-energy facility, as well as datasets with spatial timestamps and wind/power output
for a comparable wind-energy facility. This dataset illustrates two aspects: the alignment
between the simulated WT1 power curve and field performance, and the validation of the
wind-speed selection for subsequent RMS and contingency simulations.

Table 2. Empirical wind-speed and power production data obtained from [20].

“Local_Time”:

#{“Units”: {“Time”: “UTC” “AfricalJohannesburg” Electricity kW Wind Speed m/s
2 January 2019 16:00 2 January 2019 18:00 152.398 4.435

2 January 2019 17:00 2 January 2019 19:00 812.386 7.615

2 January 2019 18:00 2 January 2019 20:00 1511.297 10.308

2 January 2019 19:00 2 January 2019 21:00 1718.976 11.487

2 January 2019 20:00 2 January 2019 22:00 1762.164 11.815

2 January 2019 21:00 2 January 2019 23:00 1797.685 12.107

2 January 2019 22:00 3 January 2019 00:00 1844.666 12.549

2 January 2019 23:00 3 January 2019 01:00 1839.808 12.56

3 January 2019 00:00 3 January 2019 02:00 1748.383 12.709

E. Summary of Design Parameters

Component Rated Power Unit Rating Quantity Remarks PV2 Plant 18 MW 400 W /panel
45,000 panels 72 inverters (250 kW each) WT1 Farm 40 MW 2 MW /turbine 20 turbines
modeled with a cubic power curve WT2 Farm 20 MW 2 MW /turbine 10 turbines, a similar
configuration to WT1. This configuration facilitates balanced hybrid operation within
the IEEE 9-bus network, verifying adequate reactive support, harmonic compliance, and
resilience against wind and solar variability.

3. Load Flow, Quasi-Dynamic, and RMS Simulations

Load flow simulations confirmed balanced operation with total generation and load
power nearly equal, indicating negligible losses and stable voltage profiles across all buses.
The load flow summary is provided in Table 3.
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Table 3. Load flow summary.

Source P (MW) Q (MVar) I (kA)
Grid —114 0.5 0.016
SM2 40 11.8 0.182
SM3 11.7 28.2 0.100
WT1 35.6 -0.3 0.800
WT2 17.8 —-55 0.300
PVl 6.3 2.1 0.100
PV2 17.6 5.8 0.300

3.1. Quasi-Dynamic Simulation of PV1 Plant

The quasi-dynamic simulation output for the PV plant was as expected for daytime
generation. In the 3 s RMS simulations, the influence of varying wind speeds in all three
areas also confirmed system stability and grid control.

A 24 h quasi-dynamic simulation run on 18 August 2025 assessed the PV1 plant’s real
and reactive power outputs. The active power output showed expected daytime behavior,
peaking at 7.294 MW at 08:00 before falling with solar irradiance. The reactive power
output remained at 0 Mvar, confirming unity power factor operation and effective voltage
control. As shown in Figure 2a, these results confirm daytime operation and successful
inverter—grid interaction in normal conditions.

8
2025-08-18 08:00:00
7.294 MW —

2025-08-18 10:00:00

0 Mvar
0
2025-08-18 2025-08-18 2025-08-18 2025-08-18 2025-08-18 2025-08-18 2025-08-18 2025-08-18 2025-08-19
00:00:00 03:00:00 06:00:00 09:00:00 12:00:00 15:00:00 18:00:00 21:00:00 00:00:00

—— PV1: Active Power in MW —— PV1: Reactive Power in Mvar

(a) Quasi-dynamic simulation of PV Plant 1

Figure 2. Cont.
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Curve plot
2025-08-18 16:00:00
27.16 MW
e
25
2025-08-18 13:00:00
20 v
20 2025-08-18 10:00:00
19 68 Mvar
2025-08-18 09:00:00
16.37 MW
. pd
10
5
0
2025-08-18 2025-08-18 2025-08-18 2025-08-18 2025-08-18 2025-08-18 2025-08-18 2025-08-18 2025-08-19
00.00.00 03.00.00 06.00.00 09.00.00 12.00.00 15.00.00 18.00.00 21.00.00 00.00.00
—— PV2: Active Power in MW ——— PV2: Reactive Power in Nvar

(b) Quasi-dynamic simulation of PV Plant 2

Figure 2. Active and reactive power profiles during the 24 h quasi-dynamic simulation. (a) PV Plant 1
and (b) PV Plant 2.

3.2. Quasi-Dynamic Simulation of PV2 Plant

A continuous quasi-dynamic simulation for 24 h on the PV2 plant. Figure 2b active
power (in red) increases with solar irradiance till it peaks at 27.14 MW at 16:00 before
decreasing again toward sunset. As for reactive power (in green), it follows the inverter
control steps to support voltage. The results certify an efficient and PV2-stable response to
daily solar variation.

4. Contingency Analysis

A single outage-related contingency of wind turbine 2 (17.8 MW) was simulated. The
grid transitioned from absorbing —11.4 MW to supplying 6.4 MW to maintain load balance.
This presented the system’s resilience in the face of generator loss, as shown in Figure 3.

The network resilience test was conducted by applying a single contingency to Wind
Turbine 2 (WT2), and the disturbance and recovery. The change in real power output due
to contingency was transferred to the coupled buses and other generators. Monitoring
WT?2 control actions in this case supports its ability to quickly regulate them, dampen
oscillations, restore voltage, and return the active power output to its original value.
These results confirm the grid’s dynamical resilience and WT2’s sensitivity to changes in
network topology.
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Mw

17.81117
m/s

12.5
17.81117

17.81117 12

17.81117

17.81117

0 2 4 6 8 s 10

—— WT2: Total Active Power —— WT2: Wind speed

Figure 3. The real power and wind speed of the WT2 Plant for 3 s.

The impact of the WT2 outage on power flows with the external grid is shown in
Table 4 for the normal and contingency cases. The normal case has an export of —39.6 MW,
reflecting the surplus generation from the IPPs. Generation decreases by 17.8 MW due to
WT?2 losses, reducing net exports. This aligns with the adjusted export of around —21.7 MW
(—=39.5 + 17.8), as evidenced by the —21.9 MW value in Table 4, illustrating the grid’s
adjustment to fluctuations in renewable generation.

Table 4. Overview of power transfer under normal and contingency conditions.

Operating Condition Power (MW)  Description

Net power exported to the external grid due to
surplus IPP generation

WT?2 out of service (contingency condition) 17.8 Power lost due to WT2 generation being unavailable
Reduced export to the grid

(~—39.5+17.8 = —21.7 MW)

Normal operation (no contingency) —39.6

Resulting net export after WT2 contingency =~ —21.9

5. Conclusions

The effectiveness and resilience of a hybrid PV-wind integrated 9-bus power system
were analyzed in this paper using DIgSILENT PowerFactory. Evaluated results indicate
that coordinated integration of solar and wind generation improves system reliability by
enhancing voltage stability. Furthermore, the hybrid system design minimizes intermit-
tency, resulting in smoother power output and strengthened grid performance. Reliability
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assessment of the system further illustrates the enhanced effectiveness of its recovery and
disturbance performance relative to the strength of single-source renewables. This empha-
sizes the hybrid’s unique potential. The integration of renewables results in controlled
hybrid systems that significantly improve grid performance and voltage regulation. Ad-
vanced optimization, paired with energy storage, will provide the grid ancillary support
and operational resilience to enable essential smart grid applications.
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