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Abstract

Hybrid power systems, integrating renewable energy sources, energy storage devices, and
conventional generators, are at the vanguard of the transition towards sustainable energy
solutions. However, ensuring the robustness and reliability of these systems under fault
conditions, particularly short circuit faults, remains a challenge. This research explores the
complexity of hybrid networks, conducting a comprehensive transient analysis of short-circuit
faults to enhance the understanding of their impact. The study employs advanced simulation
techniques and state-of-the-art modeling approaches to examine the dynamic behavior of hybrid
networks during fault events. Through detailed investigations, this research aims to unravel the
transient responses of various fault locations, including fault resistance, and transmission line
length, renewable energy sources, when subjected to short circuit faults. The findings of this
study not only contribute to the academic discourse surrounding hybrid power systems but also
provide invaluable insights for industry practitioners, guiding the development of reliable and
efficient hybrid energy infrastructures for a sustainable future.

Keywords and phrases: First Fault resistance, hybrid power system, sustainable energy solution,
transient analysis, transmission line

1 Introduction

Short-circuit analysis of a given power system is executed at the design stage to achieve optimum
transformer system layout, conductor, and system voltage selection. Also, in the case of an existing
power system, fault studies are essential in the events of system expansion and design of protection
systems [1] — [3]. Various fault categories are present within power systems, broadly classified as
symmetrical and unsymmetrical faults [4] — [8]. Determination of currents and voltage waveforms
arising from various faults occurring at different locations within the power system network is essential
[9], [10]. This information is crucial for designing an effective protective scheme, as highlighted in
prior research [11] — [14]. It has been shown in [15] and [16] that the severity of the fault and its
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transient component in transmission systems depends on several factors, such as fault type, the
magnitude of the system voltage at the instant of the fault occurrence, and fault location [17] — [19].
These factors significantly impact the shapes and amplitudes of voltage and current waveforms as well
as the damping rates and frequencies across the transmission system.

The simulation of transient voltage and current, coupled with an analysis of diverse fault conditions
that may arise during short circuit events, holds significant importance in the power system
engineering practice. Transient overvoltage and current are widely recognized for inducing harmful
thermal stress and fire hazards, potentially causing damage to power system equipment [20]. Short
circuit on power system network is inevitable, but protective devices like circuit breakers and fuses
should be able to cut off fault at a given location with considerable damage. Similarly, buses, cables,
and disconnecting switches should be robust to withstand the mechanical and thermal stresses of
short-circuit currents that flow through them [21], [22]. The selections of this equipment are subject
to the magnitude of short circuit currents. The interaction of several apparatuses used for generating,
transmitting, and distributing hybrid electrical power makes it somewhat of a complex system. The
extreme complexity of these systems proposes ineluctable failures regardless of system perfection
during the design stage. Rotating electrical machinery was considered the source of fundamental
frequency currents that flow during a short circuit [23]. Power capacitors within the systems can also
develop very high transient short-circuit discharge currents.

This research contributes to a deeper understanding of the dynamic behavior of hybrid power systems
during short-circuit fault events. In particular, the study employs advanced simulation techniques that
include numerical modeling, dynamic simulations, and state-of-the-art modeling approaches. These
techniques are valuable in examining the complex transient phenomena during short-circuit faults in
hybrid networks. The findings of this research offer practical guidance to industry practitioners
involved in the design and operation of hybrid energy infrastructures. By understanding the transient
behavior of these systems during short-circuit faults, practitioners can make informed decisions to
enhance the reliability and efficiency of hybrid power systems. The work also contributes to the
broader goal of creating a more sustainable and resilient energy infrastructure. It adds to the academic
discourse surrounding hybrid power systems, which is critical in the perspective of global efforts to
reduce greenhouse gas emissions and promote renewable energy. The research serves as a foundation
for further studies in the field of fault analysis in hybrid networks. It provides a starting point for
researchers to further explore the subject, investigate new fault scenarios, and develop mitigation
strategies to enhance the robustness of hybrid power systems.

2 System description

The system comprises a conventional generation unit with a nominal capacity of 50MVA. The power
system is outfitted with a synchronous generator connected via a hybrid transformer and a double-
circuit line of 132 kV. The specific line configuration is illustrated in Fig. 1, with the total line length
varying from 20 to 100 km. Detailed parameters are provided in Table 1.
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Fig. 1. Configuration of the overhead line (dimension in meters)

The transmission line is energized at one end by both conventional and wind generation, but in
different locations, while the other end is open-circuited and on no-load.

Table 1. Details of the transmission line conductors
Phase Conductor  Earth Wire

DC resistance (ohm/km) 0.156489 0.1469
Conductor radius (cm) 0.976 0.976
Number of conductors 1 1

Resistivity of the soil (Q-m) 20

2.1 Hybrid system configuration

Simulating transient voltages in a hybrid power network of transmission systems requires
electromagnetic transient (EMT) simulation software. This simulation process is usually accompanied
by time-consuming, which can hinder the efficiency of research and engineering tasks [24]. For this
reason, it's essential to avoid unnecessary model assumptions and adopt a sufficient system model. It
is imperative to recognize model elements with fast-front wave characteristics as they account for
critical variables in the transient study. The hybrid power system component like transformer and
generators in the ATPDraw program is suitable for a system with fast-front waves as it accounts for
the magnetic saturation effects, main and leakage flux losses, and coil capacitances [25]. These
variables are essential in power system transient study. The wind farm model from the ATPDraw
Windsyn is employed to complete the hybrid power system setup. The Windsyn control mechanism
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operates to maintain more than 0.89 lagging power factor at the terminal bus of the wind farm. The
nominal power generation of the wind farm is 35 MW. The equivalent diagram of the system is shown
in Fig. 2.

T1  Bus
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Power System ‘

Bus

T2

—

Wind Farm

Fig. 2. Single line equivalent diagram of the hybrid power system
2.2 Transmission Line Model

To accurately model the transmission line for the transient study, a frequency-dependent distributed
line mode is adopted. Consider a small portion of the long segment of the line as shown in Fig. 3. Let
the total line be x and a small segment of it Ay, then the wave propagation along the line is described
as follows:

) Rax L'ax I(xrAx,D)

G A CAX | y(xrAxY)
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Fig. 3. Transmission line segment
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where R’ is the transmission line resistance in /km, 1" denote inductance in H/km, C’ is the
capacitance in F/km, G’ denote the shunt conductance in Q-1/km.

aa;;;t - _ 6t _p o 6t2 4)
a";;t =-G¢'% _c 6t2 (5)
—— ©
2;2—17(RG)+ LG +RC)+ (L)Y (7)
:;2—1(R0)+ W6 +RC)+ (L)L ®)
22712] =v(R'G") +jov(y, (LG +R'C) - (C'L)w’v@,1) (9
327’; =v(y, )[R + jwL)(G + joC)] (10)
v(y) = Kpe " + K, e?” (11)

= /IR +joLl)(G" + joC")] (12)
where y is the propagation constant, w represents angular velocity.

The current wave propagation along the line and the characteristics impedance becomes:

, —yKoe VY +yK e’

I’(Yl t) - (R +]a)L) (13)

vt) _

i) — 20 (14)
_ |R'+jwl!

ZO - G'+jwC’ (15)

However, in the case of frequency-dependent factors, the wave propagation characterized by
impedance and propagation constant is determined by the following expression:

_ ’R’(w)+ij’(a))
Zc(w) - G’(w)+ij’(w) (16)
Z'(w)
Y (w)

Z(w) =

17

where Z'(w) is the series impedance matrix, Y’ (w) is the shunt admittance matrix.

The fault in a power system is known to cause distortion in the current and voltage waveform along
the transmission line. This fault can be represented by the equations, which describe the relationship
between voltage and current along the line:
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V(x) =Vy,e "™+ Ver™ (18)
1) = e = e (19)

where V(x) is the voltage at a distance x along the line, I (x) is the current at a distance x, Vi,
denotes incident voltage at the beginning of the line, V,. denotes a reflected voltage wave caused by a

fault.

3 Result and discussion

Consider the short circuit fault on a single phase at the transmission line end (point A) when the phase
voltage is at the peak value. The Maximum values of the sending-end faulted phase current for
different line lengths are given in Table 2. The simulation result shows that the maximum magnitude
of the sending end currents increases as the line length increases. Also, the observed ripples along the
line attenuate as the line length increases. The faulted phase sending-end currents during fault are
computed for various line lengths and plotted to obtain faulted phase current waveform as shown in
Fig. 4a and 4b, respectively.

Table 2. Table captions should be placed above the tables.
Distance between fault point and ~ Maximum magnitude of the first

the first sending-end of the line sending-end current (A)
(km)
20 249.42
40 353.39
60 397.19
80 408.02
400 500
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Fig. 4. Sending-end faulted phase current on the line at (a) 60km, (b) 80km.

The sending-end unfaulted phase voltages waveform is shown in Fig. 5a and 5b for 40 and 100km,
respectively. Itis observed from the result that as the line length increases, the unfaulted phase voltages
decrease, and likewise, the distortion also decreases.
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Fig. 5. Sending-end unfaulted phase voltages for the line at (a) 40 km, (b) 100km.

A single-phase to-earth fault is considered to occur at the receiving end of the line during fault
resistance, as shown in Fig 6. The earth fault is assumed to occur when the voltage of the faulted phase
is at its peak value. When an earth fault happens, it often causes a sudden increase in current flow
through the grounding system. Detecting and addressing earth faults promptly is crucial because they
can lead to equipment damage, electrical fires, or even pose a risk to human safety. One common
method used to identify earth faults is by monitoring the voltage of the faulted phase.
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Fig. 6. Fault current at the fault location fault resistance (a) 5 ohms, (b) 10 ohms.

Variation of maximum fault currents at the sending end and the fault location for different fault
resistances is given in Table 3. The maximum magnitude of fault currents at the sending-end and fault
location decreases as the fault resistance increases. The distortion in the fault current waveform is
higher at a lower value of the fault resistance as compared to that of a higher value.
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Table 3. Variation of maximum sending-end faulted phase current and maximum magnitude fault current at fault location against
fault resistance.

Fault resistance Maximum magnitude of first Maximum magnitude fault
(ohms) sending-end current (A) current at fault location (A)

1 406.59 485.22

5 400.97 472.33

10 394.16 457.10

20 381.17 429.28

50 346.94 362.64

Double-phase to-earth and three-phase to-earth faults are considered. The fault occurs at the receiving
end of the line on phases B and C in the case of a double-phase fault. The maximum magnitude of
the fault current at the fault location is recorded. Similarly, in the case of three-phase-to-earth fault
simulation, currents and voltages computed were also taken at the fault and sending-end points,
respectively. For a double phase-to-earth fault, waveforms of faulted phase currents at the sending
end are given in Fig. 7a. Similarly, Fig. 7b depicts the faulted phase current during a three-phase fault
at the sending end. However, the three-phase faulted waveforms for the faulted phases A, B, and C
voltage at the sending end, and the faulted phase currents at the fault location are given in Fig. 8a and
8b, respectively. This information aids in the design and setting of protective devices such as circuit
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Fig. 7. Faulted phase currents at the sending-end (a) Double phase (b) Three phase.
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Fig. 8. Faulted phases (a) voltages at the sending-end, (b) currents at the fault location

breakers and relays. Understanding the variation of fault currents against fault resistance helps in the
selection of appropriate protection settings to isolate the faulty section quickly, preventing extensive
damage to the equipment.

This study investigates transient voltage and over-current responses arising from various fault
conditions within a power system. The findings confirm that the severity of fault transients in the
examined power system is contingent upon several factors, including fault type, line length, fault
location, and the system voltage magnitude at the moment of the fault occurrence. These variables
influence the amplitudes and shapes of current and voltage waveforms along the transmission system.
The analysis of the waveforms reveals that an increase in line length or fault resistance correlates with
the distortion reduction within the current waveforms. Moreover, voltage waveforms exhibit higher
amplitude and frequency oscillations than the current waveforms. During a three-phase fault to
ground occurring at the line's end, voltage waveforms display substantial instability characterized by
high amplitudes, distinguishing them from other fault types. Similarly, transient fault currents recorded
at the fault location surpass those at any other point within the transmission system.

4 Conclusion

The analysis conducted in this study plays a fundamental role in the strategic planning, design, and
operation of hybrid power systems. Voltage and current data collected during various fault scenarios
serve as crucial inputs for devising the protective framework, comprising protective relays, switch
gears, and circuit breakers. Notably, this research focuses explicitly on assessing the impact of short
circuit faults on hybrid power systems.

A distinctive feature of this study lies in its explicit focus on the short circuit faults assessment within
hybrid power systems. Through rigorous analysis and meticulous experimentation, the research sheds
light on the intricate dynamics of these faults, unraveling their impact on the stability and reliability of
hybrid power setups. This insight is invaluable, guiding future endeavors in the field and providing a
solid foundation for advanced protective strategies. In essence, this study not only contributes to the
academic discourse but also holds immense practical implications for the broader energy landscape.
By continually refining our understanding of hybrid power system behavior, we move closer to a
future where clean and reliable energy is readily accessible, paving the way for a more sustainable
world.
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