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ABSTRACT: Thisresearch addresses the growing challenges posed by the increasing power demands of modern
Space Rocket Complexes (SRCs), particularly in relation to integrating various types of electrical
consumers. As SRC systems become more complex, ensuring electromagnetic compatibility and
maintaining electric power quality are now critical and economically significant issues. The main
objective of the study is to develop an algorithm for the optimal selection of power supply system
(PSS) structures for SRCs, with a strong focus on electric power quality management. Several PSS
configurations were analyzed and compared, each evaluated for reliability, control efficiency, and
adaptability to operational conditions. A systematic algorithm and corresponding block diagram
were created to guide the selection process, integrating power quality parameters into early design
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decisions. The methodology was tested using the Cyclone-4 launch complex as a case study. Within
this framework, a prototype electric power quality control system was designed and partially
implemented. Experimental testing validated the effectiveness of the proposed approach, confirming
that early integration of power quality considerations significantly enhances system reliability and
economic performance. Key findings emphasize the importance of incorporating power quality
criteria into SRC infrastructure planning to ensure stable operation under complex and variable
conditions. This study ultimately contributes to the development of more robust and efficient power
systems for future space missions. It offers a structured and practical approach for selecting and
managing power supply systems in high-demand aerospace environments, emphasizing the value
of proactive quality control and comprehensive system design.

Keyworbps: Power Supply Systems (PSS), Space Rocket Complexes (SRC), energy,
electricity quality indicators

Introduction

The Cyclone-4 space rocket complexes (SRC), developed by Ukraine for Brazil, and the
Cyclone-4M for Canada, are characterized by increased total power consumption and higher
equipment costs associated with the technological operations of launch vehicle preparation.
This results in stricter requirements for the design and implementation of power supply
systems (PSS), ensuring the efficient operation of electrical equipment. Developers must focus
on optimizing power distribution and enhancing system reliability to meet these demands
(Kuznietsov 2024). Advanced control mechanisms are essential for maintaining stability
and efficiency under varying operational conditions. The integration of modern energy
management technologies plays a crucial role in minimizing power losses and improving
overall system performance (Gladky and Perlik 2000). The complexity of these space systems
necessitates rigorous testing and validation of PSS components to prevent failures during
critical launch phases (Hladkyi 2020). As a result, ongoing innovation and refinement in
power supply technologies remain essential for the successful deployment of these advanced
rocket complexes.

An analysis of the existing SRC and their power supply systems highlighted the main
advantages and disadvantages of such systems. The main feature of these systems is that they
were designed over a long period, without taking into account the features of modern cyclograms
for Integrated Launch Vehicle (ILV) preparation, as outlined in regulatory documents (EN
50160:2022). The drawbacks include the lack of systematic quality control in typical power
supply systems, which will be presented in Section 3 of this research. Previously created
complexes, such as SRC Dnepr, SRC Zenit, Soyuz, etc., contain elements of automation and
protection without system quality control. However, they still do not fully provide a high-quality
power supply to the complex, and do not provide for all kinds of emergencies in power supply
systems (Kuznietsov 2024; Gladky and Perlik 2000; Linnik 2021).
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The main criteria that PSS must comply with are the reliability and reliability of its
operation. Possible emergency and abnormal situations that occur in power supply systems and
subsequently lead to a partial or complete interruption of ILV preparation and its subsequent
start-up are associated with indicators of electricity quality (Hladkyi 2020). The quality of
electricity, according to DSTU (EN 50160:2022; IEEE 1547-2003), refers to the degree of
compliance of the electricity parameters with their established values.

Starting from the design stage of PSS, in the modern designed air distribution systems (such
as Cyclon-4, Cyclon-4M, etc.), a special part was introduced and optimized as part of the PSS —
the electric power quality control system (EPQCS), which allows controlling everything power
quality indicators, identify and prevent possible emergencies and partially manage the power
supply system. The provision and control of the quality of electricity is one of the important
tasks of the power supply systems of the SRC, considered at the initial stage of creating the SRC.

1. Reference background for the power supply systems
for space rocket complexes

The research on the analysis and selection of power supply systems (PSS) for space rocket
complexes (SRCs) is highly relevant due to the increasing energy demands and stringent
reliability requirements of modern space missions. As launch vehicle technology advances, the
complexity of power distribution, control, and quality management becomes a critical factor
in ensuring mission success (Kuznietsov 2024; Fedoreiko et al. 2014). Efficient PSS must
not only provide stable and uninterrupted power to various subsystems but also incorporate
advanced control mechanisms to adapt to dynamic operational conditions (Fedoreiko et al. 2014;
Dychkovskyi et al. 2019). The growing use of automation, digital monitoring, and innovative
energy management solutions underscores the need for optimized PSS designs that minimize
power losses, enhance system resilience, and reduce operational costs (Kuznietsov 2024; Linnik
2021; Pivnyak et al. 2024). Furthermore, as space agencies and private aerospace companies
push for more cost-effective and sustainable launch solutions, research in this area contributes
to improving energy efficiency, safety, and overall performance. This study plays a vital role
in developing innovative approaches to power management that align with the evolving
requirements of next-generation space exploration programs.

In recent years, Europe has significantly advanced its space technology capabilities, with
increased cooperation under the European Space Agency (ESA) framework and growing
national efforts from member states such as Poland. Poland’s involvement in space initiatives has
intensified since joining ESA in 2012, contributing to projects in satellite systems, propulsion,
and space infrastructure development. The Polish Space Agency (POLSA) has played a key
role in fostering innovation and supporting partnerships between government, academia, and
industry, aligning national strategies with the broader objectives of ESA and the European Union
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(POLSA 2020). Notably, Poland’s participation in programs such as Copernicus and Galileo has
elevated its position in Earth observation and navigation technologies. Meanwhile, investment
in domestic startups and R&D centers reflects a commitment to building independent space
capabilities (Wachowicz 2022). These developments are indicative of a broader European trend
toward strategic autonomy in space, focusing on both civil and defence-related applications
(ESPI 2023).

The efficient and reliable power supply of SRCs is crucial for their successful operation,
necessitating high precision, stability, and resilience under extreme conditions (Pivnyak et al.
2024; Polyanska et al. 2024a). A modern trend in power supply focuses on optimizing energy use
within the framework of a culture of frugal energy consumption, ensuring minimal energy waste
while maintaining operational excellence (Pivnyak et al. 2024; Polyanska et al. 2024b). Given
the growing demand for sustainable energy management, integrating advanced energy storage
systems, thermoelectric solutions, and hybrid power architecture is crucial for enhancing the
reliability and efficiency of SRCs (Gladky and Perlik 2000; Nikolsky et al. 2020).

SRC power systems experience rapid load variations due to the high-energy demands
of propulsion, launch sequences, and onboard systems (Lofstrom 1985). These dynamic
modes involve transient phenomena such as voltage fluctuations, harmonic distortions, and
reactive power imbalances, which require precise control and compensation mechanisms
(Lofstrom 1985; Richert et al. 2024). Advanced quality management strategies, including
active filtering and real-time monitoring, ensure that power parameters remain within
critical limits, preventing failures that could jeopardize mission success (Lofstrom 1985;
Golovchenko et al. 2020).

Using different transformers plays a vital role in SRC power distribution, enabling efficient
voltage regulation and the separation of subsystems (Lofstrom 1985; Seheda et al. 2024). These
transformers experience complex electromagnetic interactions, including transient overvoltage,
eddy currents, and thermal effects. Optimizing their design enhances energy efficiency and
minimizes power losses, ensuring stable SRC operations. Innovations such as superconducting
windings and Al-driven predictive maintenance further enhance reliability and reduce downtime
(Seheda et al. 2024; Papaika et al. 2024).

The thermodynamic challenges in SRC power systems include managing contact heating,
where high-energy electrical contacts experience rapid temperature spikes, leading to material
degradation (Lofstrom 1985; Papaika et al. 2024; Sobolev et al. 2024). Effectively handling
heat dissipation requires advanced cooling techniques, such as phase-change materials and
liquid metal interfaces (Seheda et al. 2024; Fedoreiko et al. 2013). Understanding these thermal
dynamics is crucial for designing components that withstand extreme conditions, ensuring long-
term reliability, and reducing maintenance costs.

SRC environments involve translational-rotational motion of incompressible, dense plasma
temperatures formed under shock waves, significantly affecting electrical conductivity and
insulation properties (Lofstrom 1985; Seheda et al. 2024; Sobolev et al. 2024). The chemical
interactions of gas molecules during movement influence ionization levels and plasma
behavior. These factors are critical in propulsion systems, plasma-based energy conversion,
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and electromagnetic shielding, requiring precise modeling and control to optimize SRC power
system management (Sobolev et al. 2024; Wessler 1986).

A combined and zero-waste gasifier offers a novel approach to generating auxiliary power
for SRC infrastructure by utilizing waste gases from propulsion systems or fuel processing
(Lofstrom 1985; Tabachenko et al. 2016). By integrating gasification with fuel cells or
thermoelectric generators, power systems can achieve higher efficiency and lower emissions
(Seheda et al. 2024; Dychkovskyi et al. 2024). These hybrid systems support SRCs in remote
locations, enhancing energy self-sufficiency and reducing dependence on external power grids
(Wessler 1986; Kosenko et al. 2024).

The integration of electric vehicles (EVs) and thermoelectric modules into SRC support
systems further enhances energy efficiency and sustainability (Dychkovskyi et al. 2024; Dudek
2014). EVs facilitate logistics within space launch facilities, reducing reliance on fossil fuels,
while thermoelectric modules capture waste heat from propulsion and power conversion
processes, improving overall energy utilization (Seheda et al. 2024; Bennett et al. 2001). Such
advancements contribute to a comprehensive culture of frugal energy consumption, optimizing
both environmental and operational aspects of SRC power systems (Polyanska et al. 2024b;
Sandhu et al. 1999).

The implementation of simulations for a “dry run” significantly helps operators when
familiarizing themselves with the software, instrumentation, and any tools used to carry out the
work. Additionally, it enables potential problems to be identified even before the actual processes
are implemented, thereby minimizing the risk of costly errors. The results also help solution
providers further improve the tools they use, enabling them better to adapt their functionality to
the actual needs of users. Regular testing and optimization of simulations contribute to increased
operational efficiency and improved occupational safety (Kumawat et al. 2023; Misljenovic
etal. 2023).

Combining RES with energy storage systems and intelligent energy management can
significantly improve power quality and stability. Advanced control strategies and optimisation
frameworks are needed to manage energy variability under conditions of varying demand.
The development of renewable energy technologies creates new opportunities to stabilise the
grid and increase the share of green energy in power systems. The use of hybrid RES systems
enables different sources to complement each other, thereby reducing the impact of their natural
variability on the stability of supply (Mahmood et al. 2024; Das et al. 2024).

This research aligns with contemporary demands for energy-efficient, sustainable, and high-
performance power supply solutions, ensuring that space missions operate with optimal energy
management and minimal waste.

31



www.czasopisma.pan.pl P N www.journals.pan.pl
Y

2. Methods and methodology of power supply for space rocket
complexes research

The research on power supply methods for space rocket complexes, with integrated provision
control and quality management of electric power, is based on a systematic and multidisciplinary
approach (Kuznietsov, 2024; Gladky and Perlik 2000; Pivnyak et al. 2024; Sandhu et al. 1999).
The study employs analytical, experimental, and simulation-based methodologies to evaluate
the efficiency, stability, and reliability of power systems in space launch infrastructure (Gladky
and Perlik 2000; Lofstrom 1985; Wessler 1986; Sandhu et al. 1999). A key focus is placed on
redundancy mechanisms, smart grid integration, and adaptive control algorithms to mitigate
fluctuations and ensure a continuous power supply. Computational modelling using well-known
software such as MATLAB/Simulink and PSCAD is utilized to simulate electrical load variations
and transient responses under different operational scenarios. Experimental verification is
conducted using high-precision power quality analysers to assess voltage stability, harmonic
distortions, and electromagnetic interference, ensuring compliance with aerospace standards.

The methodology incorporates a risk-based assessment aligned with ISO 9001 and ISO 50001
quality management frameworks to optimize energy efficiency and reliability. Fault-tolerant
control strategies, including real-time monitoring through SCADA systems, are employed to
enhance the resilience of the power infrastructure (EN 50160:2022; IEEE 1547-2003; Kannu
et al. 2003). The research also integrates renewable energy sources and energy storage systems
to improve sustainability and reduce dependency on conventional power grids. By applying
data-driven decision-making and predictive analytics, the study enhances fault diagnostics
and preventive maintenance strategies. The overall methodology ensures a high-quality power
supply essential for the safe and efficient operation of space rocket complexes.

2.1. Formation of various structures in the power supply system of SRC

The greater the weight of the rocket, the more electricity is consumed in the preparation and
launch of this rocket. A feature of the applied electrical receivers is their variety and complexity,
which is expressed in the fact that, along with the traditional three-phase and single-phase loads
in the form of synchronous and asynchronous motors, air conditioning and lighting systems, they
have a large proportion of receivers with a pronounced non-linear load: rectifiers, various static
converters, power supplies with transformer less input, as well as power receivers of electronic
computers and other technical means of information technology.

When constructing the power supply system of the ground complex from the internal power
supply system, various structures are used (Kannu et al. 2003). This can be a power supply
system for technological equipment, guaranteed power supply systems, etc. The power supply
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system of technological equipment (PSS TE) is designed to provide the required power supply
to technological equipment with the specified type and quality of electric power in all system
operating modes (Kannu et al. 2003; Reva et al. 2025).

The guaranteed power supply system (GPSS), utilizing the IPSS of the ground-based complex,
is designed to provide electricity with a specified voltage and frequency to critical technological
equipment (the most demanding power consumers) in the first category of reliability (Group 1A)
across all modes of complex operation.

The following PSS structures (Fig. 1, 2, 3) are centralized, distributed (localized), and two-
level for the power supply of critical PSS consumers. The centralized system contains one UPS,
to which all responsible consumers are connected. In a distributed system, each consumer (or
group of local consumers) is powered by a separate (local) UPS (Hajji et al. 2020; Frolov 2010).

UPS »  Consumers IA
Main PS /
Reserve PS Distribution unit \
Consumers IB, Il

Fig. 1. Distributed structure of PSS

Rys. 1. Rozproszona struktura PSS

UPS > Distribution unit 1 P Consumers IA

\

Central distribution unit > Distribution unit 2 » Consumers IB, Il

Main PS T Reserve PS T

Fig. 2. Centralized structure of PSS

Rys. 2. Scentralizowana struktura PSS

Consumers IA

A

UPS > Distribution unit 1

\i

UPS »  Consumers IA
Central distribution unit > Distribution unit 2 <

Consumers IB, Il
Main PS Reserve PS

Fig. 3. Two-level structure of PSS

Rys. 3. Dwupoziomowa struktura PSS
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The centralized system consists of a single uninterruptible power supply (UPS) that provides
backup power to all critical consumers, ensuring a stable and continuous energy supply (Fig.
2). While this approach simplifies power management, it creates a single point of failure, which
can compromise the entire system in case of a UPS malfunction. In contrast, the distributed
system assigns a separate (local) UPS to each consumer or a group of local consumers, thereby
increasing reliability and reducing the risk of total system failure (Fig. 1). However, this
method requires a higher initial investment and more complex maintenance due to the multiple
independent power sources. To mitigate the drawbacks of both centralized and distributed
approaches, a two-level system is commonly implemented in practice (Fig. 3). This hybrid
configuration integrates elements of both structures, enhancing redundancy, reliability, and
operational efficiency. By strategically balancing power distribution and backup capabilities,
the two-level system ensures optimal performance while minimizing risks associated with
power supply disruptions.

In existing space rocket complexes, power supply systems include separate components that,
to varying degrees, regulate power quality indicators. However, these individual elements operate
independently, limiting their overall effectiveness in ensuring stable and efficient power distribution.
A comprehensive analysis of current power supply systems, considering their operational modes
and structural characteristics, has highlighted the need for a more integrated approach to power
supply systems. This approach should focus on developing a unified system for monitoring power
quality and optimizing energy management. Implementing such a system will enhance reliability,
improve efficiency, and ensure compliance with stringent aerospace power standards.

2.2. Mathematical apparatus for electricity quality indicators
and formulas

A significant problem of the normal functioning of power supply systems of space rocket
complexes, as well as any power supply system, given the relatively rapid growth rate of the
number of converter and microprocessor equipment of various types in electrical networks, the
problem of electromagnetic compatibility and power quality (PQ) becomes relevant (Flores
2002). PQ characterizes the electromagnetic environment in which the equipment connected to
the PQ operates. The economic aspect most fully illustrates this; for example, the annual economic
loss to the world energy industry due to low power quality is approximately $500 billion per year
(Flores 2002; Pivnyak et al. 2021), mainly due to the negative impact of asymmetric and non-
sinusoidal voltage fluctuations.

In the considered PSS structures, standards establish eleven indicators of electricity quality.
The specifics of the ground-based complex for PSS are as follows: high and low voltage, high
voltage pulses, harmonic distortion of the pulse voltage, unstable frequency, and voltage dips.
The reduced quality of electricity has a negative impact on both the work of individual consumers
and the normal functioning of the system.
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Alow level of quality of electric energy leads to a decrease in the energy efficiency of electric
networks, including due to an increase in losses of active and reactive capacities, technological
expenses of electric energy for its transport, to a decrease in the service life of electrical
equipment, an increase in capital investments, and violation of the conditions for the normal
functioning of the energy system.

Electricity parameters are described by the following formulas (Stones and Collinson 2001;
Bialobrzeski et al. 2024; Dugan 2004):

4 voltage deviation:

SU(;)zU(t);UH.l()O%

Uy ()
where:
U(f), Uy — current and normal voltage;
4 effective value of interphase voltages:
1
u) = E(UAB(I) +Upcqy + UAC(I)) (2)
where:
Uy Upcry Uacqy — effective values of interfacial voltages of the fundamental
frequency;
4 voltage swing range (ripple factor):
U. -U.
SU; :M.loo% 3)
Un
where:
U, Uy — values of voltage extremes;

4 voltage curve non-sinusoidality coefficient:

1
kycu =U—,/Z’]1V:2U,f -100% &)
H

where:
Uy — the effective value of the n-th harmonic component of the voltage,
N — order of the last of the considered harmonics;
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4 reverse sequence voltage coefficient:

U
kyy =—2.100% (5)
Un
where:
Uyiy — the effective value of the voltage of the negative sequence of the fundamental
frequency of the three-phase voltage system:
U o \/3(UA(1)YA +Up) Y +Ucy¥c) ©
=0 Y+ Y5+,
where:
Y, Yp, Yo — phase conductivity 4, B, C;
4 zero sequence voltage coefficient:
U
kou = —2.100% )
Uno.
where:
Upy — the effective value of the voltage of the zero sequence of the fundamental
frequency,
Uy . — rated value of phase voltage;
Up(1 determined by the formula:
U _YayYa Uy +Uceylc )
o Y, + Y5+ Y+, ®
where:
Y., Yp, Yo, Yy  — phase conductivity 4, B, C and zero wire;
4 frequency deviation:
A = f = fu ©
where:
- current frequency value,
fu - frequency rating (Rey and Muneta 2011).
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The applied mathematical apparatus is an effective tool for analyzing and selecting power
supply systems for space rocket complexes, with provision for control and quality management of
electric power. It enables the modeling of various operational scenarios, assessment of power quality
indicators, and optimization of system parameters to ensure stability and reliability. By utilizing
advanced computational methods, the approach allows for the identification of potential risks,
inefficiencies, and areas for improvement in power distribution and backup strategies. Mathematical
modeling supports the development of adaptive control algorithms that enhance fault tolerance and
energy efficiency. As a result, the integration of this methodology ensures a high-performance power
supply system capable of meeting the stringent requirements of space rocket infrastructure.

2.3. Results of the research and discussion

Electricity quality standards (EN 50160:2022; IEEE 1547:2003), along with the obtained
results of electricity quality (EQ) values recorded during the development and execution of the
PSS SRC Cyclon-4 experiment, are presented in Table 1. These results provide a comprehensive
assessment of the power supply system’s performance under different operating conditions.
During the analysis, two distinct types of norms were established: normally permissible and
maximum permissible values. The normally permissible values define the acceptable range
within which the system operates efficiently without affecting performance. In contrast, the
maximum permissible value represents the critical thresholds beyond which power quality
deviations could lead to potential system failures or malfunctions. Comparing experimental data
with these standardized norms enables the identification of inconsistencies and areas that require

TaBLE 1. Electricity quality standards

TABELA 1. Normy jakosci energii elektrycznej

Power quality standards Maximum
.. . Electricity quality index : obtained
N Electricity properties units meas ol Maximum | vajyes for SRC
scceptable | permissible Cyclone-4
1. | Voltage deviation Steady voltage deviation 83U, [%] 5 10 4.1
Sinusoidal voltage distortion
. I coefficient &, [%]
2. | - 1 Y
Voltage non-sinusoidality + for 0,38 kV: 8.0 12.0 35
4 for 6kV, 10 kV 5.0 8.0 1.9
Eeg?:/i\]/e sequence coefficient 20 40 17
0
3. | Voltage imbalance ZZU
€10 sequence asymmetry 20 40 0.8
coefficient ko,
4. | Frequency deviation Frequency deviation, hz 0.2 0.4 0.01
5. | Voltage dip Voltage dip duration At,,, C 30 -
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optimization. This structured approach ensures that the power supply system meets stringent
requirements for stability.

Electricity quality is analysed within the block diagram of the complex PSS algorithm (Fig. 4),
which outlines the key processes involved in power supply management. The block diagram
visually represents the relationships between various components responsible for monitoring

Q START >
'

2 General characteristics of the problem solved by the spacecraft;
types of LV; selectable launch type of SRC; payload features

!

‘ 3 Types of PSS and their structure ‘
4a  Internal power supply ‘ ‘4b PSS consumers SRC ‘
system

!

5 The list of parameters characterizing the quality of electricity and
their use in the formation of the quality control system of PSS

!

6 Formation of tabular (maximum permissible ) power quality indicators
for ison with calculated data

!

7 Identification, analysis and study of external factors affecting the
structure of PSS (including operational restrictions, electrical load curve
t, analysis of PSS operating modes, etc.)

P

‘ 8 Formation of mathematical models of PSS ‘

' '

9  External models for 10 Internal models of PSS
calculating PSS 1 t:

11 Formation of a new PSS structure taking into account the electric power
quality control and system

!

12 Experimental testing. Simulation modeling of situations associated with
going beyond the limits of the PQI. Determination of PQI values associated
with various contingencies using the example of the SRC Cyclone-4

!

13 Comparison of new structures of PSS with the power quality control
system and the results obtained with tabular data

!

14 Findings

Fig. 4. Block diagram of the algorithm and the new structure of PSS SRC considering the quality of electricity

Rys. 4. Schemat blokowy algorytmu i nowa struktura PSS SRC uwzgledniajaca jakosé energii elektrycznej

38



www.czasopisma.pan.pl P N www.journals.pan.pl
Y
S~

and controlling power quality parameters. A detailed description of each block and its function
is provided in Table 2, offering a structured overview of the system’s operation. This analysis
helps identify potential inefficiencies and areas for improvement in maintaining a stable and
high-quality electricity supply. By integrating these insights, the proposed algorithm enhances
the overall performance and reliability of the power supply system.

Analysing the components of the power units, it was found that the main consumers on
space rocket complexes are consumers of temperature control systems, production and supply of
compressed gases, neutralization systems and units, automated preparation and launch systems
(Stones and Collinson 2001; Janik et al. 2017; Fedoreiko 2024).

Figure 5 shows an example load profiles during work at the TC SRC “Cyclone 4M”. The
cyclogram shows 15 involved systems, each of which has up to a dozen consumers.

The significant variation in consumers with large total capacities and their inherent voltage
ratings, combined with the growth of converting equipment, mobile equipment, and switching
power supplies, negatively affects power quality.

Figure 6 illustrates the dynamics of load growth in systems that contribute to the energy
balance of the launch complex and directly influence electricity quality at the cosmodrome. The
graph highlights fluctuations in power consumption over time, reflecting the varying operational
demands of different subsystems. These changes in load can lead to variations in voltage
stability, frequency regulation, and overall power quality, which must be carefully managed to
ensure optimal performance. Understanding these dynamics is essential for optimizing energy
distribution and ensuring the reliable operation of critical infrastructure at the launch site.

For example, thermostatic systems (stationary and transport) can have a total power
of up to 2 MW, whereas in previously created complexes, this figure was approximately
500 kW. Compressed gas production and supply systems are currently characterized by power
consumption of up to 0.9—1 MW compared to 200 kW. The type and characteristics of the space
rocket complex and launch vehicle play a key role in the growth of consumer power. In addition
to the increase in power consumption, the number of converting equipment, propulsion systems,
pulse power supplies, and other similar devices is also increasing, which negatively affects the
quality of electricity.

The commercialization of spacecraft launches and payload insurance requires a search for
a scientifically based compromise between the expected benefits of using spacecraft and the
risk of potential losses in the event of adverse incidents. One of the types of risks associated
with operations in the space rocket complex during operational periods is emergencies, which
lead to the loss by the space rocket complex of the ability to perform specified functions and
requiring, in connection with this, changes in technology (order and scope) or termination of
work (Sivathanu Pillai 2022; Zalewski et al. 2023).

An abnormal situation is understood as the state of the PSS components that is not provided
for by the regular operation program. An emergency can be categorized into two types: non-
dangerous and dangerous.

However, if abnormal situations related to the quality of electric power arise for the SRC,
then for the power supply system itself, this is one of the modes of its normal functioning.
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TaBLE 2. Description of the flowchart of the PSS structure selection algorithm

TaBLE 2. Opis schematu blokowego algorytmu wyboru struktury PSS

Operations content

The main objective of the study is to determine the new structure of power supply systems with
monitoring and control of the quality of electricity (implemented through the flowchart of the algorithm).

At the design stage, work is carried out to conduct the appearance of PSS, analysis of existing PSS GC.
The general characteristics of the space complex affect the structure of the power supply system.

Tasks solved by spacecraft: research, testing, navigation, meteorological, etc.

LV types and LV launch types:

Depending on the payload and its features, various operations are carried out to prepare it at the ground
complex (there is a need for power supply of non-standard and expensive equipment, as well as often
using non-standard voltage and frequency ratings).

Determination of the list of consumers powered by PSS GC, load criteria. The value of power
consumption, current, frequency, the number of consumers and power feeders, the construction of
common power supply structures.

4a,
4b.

Study of the organization of building the internal power supply system, based on the requirements (high-
voltage cells, circuit breakers, transformers, etc.), as well as power supply systems for consumers and
devices of the complex (distribution boards, input distribution devices, guaranteed power boards, etc.).
PSS interaction with other systems of the complex.

5,6.

Determination of the parameters characterizing the indicators of the quality of electric power (PQI),
the formation of tables with normal and maximum permissible values of the PQI (section 3).

Determination, analysis and study of external factors affecting the structure of PSS (section 4).

8,9, 10.

Construction of mathematical models (MM) and calculation of SES characteristics.
Internal MM — for the optimal selection of elements and components of power supply:
4 autonomous power sources (APS),

4 energy storage devices (ESD),

4 converting equipment (transformers), etc.;

External MM — for calculating power supply systems:

4 indicators of the quality of electricity,

4 clectrical loads of the complexes,

4 system reliability, etc.

The final model should ensure the achievement of the research goal.

The formation of a new structure of the power supply system, taking into account the development
of emergency situations associated with the parameters of the power supply system, and additional
elements calculated using mathematical models. Description of requirements, basic characteristics
and principle of operation of the power quality control system.

12.

Experimental testing. Description of the principles of simulation modeling of the power supply system
of situations associated with going beyond the limits of the control panel. Determination of PQI values
associated with various emergency situations using the developed PSS structure as an example with
the components of an electric power quality control system for Cyclone-4.

13.

An analysis of the results. The data obtained during the experiment and the tabular (maximum
permissible values of the PQI) data are compared.

With acceptable indicators of electricity parameters (if the indicators are within the normal range),

the selected structure of the power supply system with management and an electric power quality control
system is correct.
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It should be noted that some situations that are abnormal for the PSS to the SRC can become
emergencies, and their consequence will be the abolition of prelaunch preparation.

The general list of emergencies in the SES is given in Table 3 (Flores 2002; Lamoree et al.
1994; Bollen 1996; Pazynich et al. 2024).
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TaBLE 3. The list of emergency situations associated with PQ

TABELA 3. Lista sytuacji awaryjnych zwigzanych z PQ

Emergenc .
situaftgionsy Possible causes of an emergency Consequence and Parry Methods
The electric network receives quite a bit of load from
other consumers of the power system, insufficientl:
. . P y v Emergency shutdown of
Increased efficient operation of the regulation system, shutdown of cquipment with data loss
. u w
voltage powerful consumers of thermostatic control systems and ir?ccf)m Lters
ground support equipment KV. Failurepof ser'lsitive equipment
High voltage | The mutual influence of nearby electrical appliances. Enterine the networkqo fllfilter ’
impulses Incorrect connection of the neutral conductor. &
. - elements.
Turning on and off powerful consumers, putting into
operation part of the power system after an accident.
A significant share of the network load is made up of non- . .
Harmonic linear consumers equipped with switchi li Sensitive equipment
quipped with switching power supplies. | .
voltage . . . . interference.
Incorrectly designed electrical network, working with .
distortion o Transformer overheating.
non-linear loads. . .
Incorrect operation of electrical
Strong overload of the power system. .
s of control of GC systems and launch vehicl equipment.
oss of control o systems and launch vehicle . .
frequency . 4 Using double voltage conversion.
preparation.
Overloading power supplies
Overloaded electrical network, unstable operation of the of electronic devices and reducing
network voltage regulation system. their resource.
Undervoltage, | Inability to use any consumers and NK systems. Shutdown of equipment at
voltage dips The tripping of circuit breakers during overloads, the insufficient voltage for its operation.
unauthorized actions of the power plant, accidents on Failure of electric motors.
power lines. Loss of data in computers.
Entering a new power source.

In addition to the technical requirements that are defined in the TT, external factors influence
the creation of the structure and operation of the PSS (Fig. 7). The number of components of PSS,
converting, switching and protective equipment, UPS power, the number of assembly units, etc.
directly depend on the number of SRC zones (structure), technical complexes, their remoteness
from each other, consumed power and consumer supply category, voltage range and technology
of work on the SRC (Nikolsky et al. 2022a; Pivniak et al. 2022).

Based on the flowchart of the algorithm for the SRC Cyclone-4 (and later for the SRC Cyclone-
4M), a new structure of the power supply system was created, including an electric power quality
control system. Experimental studies of the system (including PQI) were conducted, with the
results partially presented in Table 1 (Pivnyak et al. 2015; Nikolsky et al. 2022b). A diagram of
the new structure of the power supply system at the SRC, considering the power quality control
system (part of it), is presented in Figure 8 (Pivnyak et al. 2017; Beshta et al. 2015).

As a result of confirming the selected model, an example of a mnemonic diagram of the
power supply system operator is presented, in which the places of control of the power quality
parameters of consumers responsible for the preparation and launch of launch vehicles with
spacecraft are highlighted in color (Fig. 9).
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Fig. 9. Mnemonic diagram of the PSS operator (example)

Rys. 9. Schemat mnemoniczny operatora PSS (przyktad)

The commercialization of spacecraft launches and payload insurance necessitates a balanced
approach between maximizing the expected benefits of spacecraft operations and mitigating the
risks of potential losses in the event of adverse incidents. One key risk, emergencies in the
space rocket complex, may disrupt operations and require changes in technology or even halt
work. Abnormal situations in the power supply system (PSS) may not necessarily pose a threat
to the SRC. However, they could indicate the need for corrective actions, particularly when
related to electric power quality. Some abnormal conditions, if left unchecked, can escalate into
emergencies, leading to disruptions in prelaunch preparation and equipment failures. To address
these risks, a new power supply system structure for the SRC has been developed, incorporating
a power quality control system, with experimental results demonstrating its effectiveness in
improving system stability and reliability.

Conclusions

The analysis of electricity quality standards and experimental data from the PSS SRC
Cyclon-4 experiment underscores the critical need for monitoring and controlling power quality.
The results shown in Table 1 illustrate the system’s performance under varying conditions,
comparing normal and maximum permissible values. This comparison enables the identification
of potential issues and areas for optimization, ultimately improving system performance and
reliability. By adhering to established standards, the stability of the power supply system is
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ensured, which is vital for preventing failures and malfunctions, thereby maintaining the high
quality of electricity delivery.

The integration of electricity quality analysis into the PSS design process, as depicted in
the block diagram (Fig. 4), emphasizes the importance of structured and efficient power supply
management. The algorithm facilitates a deeper understanding of how various components
interact, ensuring that power quality parameters are consistently monitored and controlled.
This approach enhances the system’s efficiency and optimizes its reliability, which is crucial
in complex environments like space rocket complexes. Mathematical models and simulation
testing play a crucial role in creating a robust system that can meet demanding operational
requirements.

Statistical analysis of the coefficients revealed no asymmetry in the power supply system.
The value of the negative sequence asymmetry coefficient, K2U, was 1.7% during the time
interval, and the value of the zero sequence coefficient, KOU, was 0.8%, which is considered
permissible according to regulatory documents. The average frequency deviation was 0.01 Hz.
Moreover, the voltage deviation was within 7%. Additionally, by creating power supply systems,
following the algorithm described in the work, energy efficiency can increase by up to 15%.

Addressing potential risks in space rocket complex operations, particularly those related
to power supply and electricity quality, is crucial for ensuring smooth operations. The study
highlights how abnormal conditions in the power supply system can escalate into emergencies,
disrupting prelaunch preparations or even causing equipment failures. The newly developed
power supply system structure, which incorporates a power quality control system, aims to
mitigate these risks by enhancing system stability and providing more reliable performance.
Through experimental studies and continuous analysis of power quality indices, this improved
design demonstrates its effectiveness in managing emergencies and optimizing overall system
resilience.

It is also worth pointing out a further potential research direction, taking into account the
impact of RES, the further use of intelligent systems for energy management and control,
including Al and simulation, to realise further improvements. This type of research could focus
on the development of new optimisation algorithms to better integrate RES into power grids, as
well as the application of Al to forecast and manage the variability of production from renewable
sources. Furthermore, the development of self-learning systems can contribute to the automation
of energy management processes, thereby increasing the efficiency and reliability of entire
energy systems.

Key findings include:

1. The techniques for designing and analyzing electrical loads and operating modes of power
supply systems are outdated and do not meet modern requirements. To ensure energy efficiency
in PSS operation with modern loads, comprehensive criteria for the quality and reliability of
power supply to SRC consumers must be developed.

2. The task is defined: creating and applying new, practical methods and integrated
methodological approaches for designing uninterrupted and reliable power supply systems for
the SRC.
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3. An analysis of regulatory documents identifies 11 fundamental indicators that characterize
the quality of electric energy, with Corresponding Table values indicating acceptable and
maximum permissible limits. This analysis also addresses potential contingencies in SRC power
supply systems.

4. The categories of power receivers at the SRC are identified, highlighting the specific
features of the power supply.

5. The algorithm presented in Figure 2 has been developed for the Cyclone-4 power supply
system. A power quality control system has been developed, and experimental testing has been
conducted, with partial results presented in Table 1.

6. The development of power supply systems for next-generation space rocket complexes
using the above algorithm will allow to increase the energy efficiency of power supply systems,
the reliability and reliability of the PSS operation, reduce the level of electricity losses in the
network, prevent and parry emergencies in the PSS that arise in all modes of operation of the
SRC, improve the stability of the power supply systems and increase the period of operation of
electrical equipment.

This work was conducted within the projects “Development, manufacturing and testing of power supply systems for
the SRC ‘Cyclone -4’ (Brazil), and power supply systems for the SRC ‘Cyclone -4M’ (Canada)”.

The Authors have no conflicts of interest to declare.
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Kompleksowe badanie systeméw zasilania zespotéw rakiet
kosmicznych ze szczeg6lnym uwzglednieniem sterowania
i zarzadzania jakoScia energii

Streszczenie

Praca poswigcona jest rozwigzaniu problemdéw i zwigkszeniu catkowitej mocy konsumpcyjnej projek-
towanych kompleksow rakiet kosmicznych (SRC). Wraz ze wzrostem liczby réznorodnych odbiornikéw
energii elektrycznej pojawia si¢ problem kompatybilnosci elektromagnetycznej oraz jakosci energii, co
wplywa negatywnie na ekonomike projektow. Niewystarczajaca jako$¢ energii prowadzi do zaktdcen pracy
urzadzen oraz zwigkszenia strat. W pracy rozwazono i opisano rézne struktury systemow zasilania kom-
pleksow rakiet kosmicznych, wskazujac ich zalety i wady. Przeprowadzono analiz¢ mozliwych zdarzen
wplywajacych na jako$¢ energii w SRC oraz podano gléwne wskazniki norm jakosci, takie jak wahania
napigcia, harmoniczne czy migotanie napigcia. Opracowano schemat blokowy algorytmu i nowa strukture
systemu zasilania SRC, uwzgledniajaca zapewnienie wysokiej jakosci energii. Szczegdtowo opisano algo-
rytm doboru struktury systemow zasilania, ktadac nacisk na praktyczna implementacje. Zwrdcono uwage
na czynniki i osobliwo$ci dziatania systeméw zasilania SRC, w tym zmiennos$¢ obcigzenia, wymagania
srodowiskowe oraz konieczno$¢ pracy w trybie awaryjnym. Opracowany algorytm zostal zastosowany
do systemu zasilania kompleksu rakietowego ,,Cyklon-4”. Na jego podstawie stworzono system kontroli
jakosci energii elektrycznej umozliwiajacy monitorowanie parametrow w czasie rzeczywistym i szybka
reakcje¢ na odchylenia od norm. W ramach pracy przeprowadzono prace eksperymentalne, a wyniki badan
potwierdzity skuteczno$¢ zaproponowanego rozwigzania. Glownym celem byto wdrozenie algorytmu wy-
boru nowej struktury systemow zasilania SRC z uwzglgdnieniem jakoS$ci energii elektrycznej, co pozwala
na zwigkszenie niezawodnosci, efektywnosci oraz bezpieczenstwa projektowanych kompleksow.

SLOWA KLUCZOWE: systemy zasilania (PSS), kosmiczne kompleksy rakietowe (SRC), energia,
wskazniki jakosci energii elektrycznej



