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ABSTRACT 

This thesis introduces a medium voltage direct-current (MVDC) system for large 

spacecrafts with megawatt (MW)-scale power and propulsion systems for interplanetary transport. 

The proposed MVDC system comprises a nuclear electric propulsion (NEP) powered permanent 

magnet generator, a solar photovoltaic (PV), a backup battery energy storage system (BESS), an 

electric thruster, AC/DC loads, and the spacecraft low-voltage DC (LVDC) power system. The 

NEP is the main power source for the thruster, while the solar PV and BESS support payload and 

low-voltage systems. The energy sources are connected to the MVDC bus through power 

electronics converters. Unidirectional boost DC-DC converter and bidirectional boost DC-DC 

converters are adopted on the PV and BESS sources, respectively, while an isolated DC-DC 

converter is used to provide power to the thruster. To attenuate external disturbance and enhance 

the robustness of the proposed MVDC system, uncertainty and disturbance estimator (UDE) based 

controllers are designed for the power electronics converters in the MVDC system.   
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1. INTRODUCTION 

1.1. Motivation 

The prospect of interplanetary travel, particularly the ambitious goal of human missions to 

Mars, stands as one of the most significant challenges in modern space exploration [1]-[3]. While 

the allure of the Red Planet has captivated the imagination of scientists and engineers alike the 

journey to Mars presents obstacles, not least of which is the need for robust and reliable power and 

propulsion systems capable of supporting such long-duration missions. The concept of manned 

Mars missions has been the subject of extensive study and speculation [4]-[7]. The literature 

reveals a notable gap in the comprehensive understanding and development of power systems 

suitable for such monumental undertakings. These studies offer valuable insights into the 

challenges and potential solutions, but they predominantly concentrate on small spacecraft and 

focus on the nuances of short-term missions. While this is instrumental in advancing our 

understanding of space travel it falls short of addressing the multifaceted and intricate demands of 

a manned mission to Mars. Specifically, these works do not thoroughly explore the development 

and integration of robust, high-efficiency power systems capable of supporting not just the journey 

to Mars but also the sustained human presence and operations on the Martian surface. It is within 

this critical context that the current research seeks to bridge the gap, shifting the paradigm from 

small, unmanned craft to the more complex, long-duration habitats that manned missions 

necessitate. By addressing the limitations of existing literature and focusing on the scalability, 

reliability, and efficiency of power systems, this study endeavors to lay a more concrete foundation 

for the future of human interplanetary travel [8].  
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1.2. The State-of –the-Art of Spacecraft Power System 

Spacecraft has several major subsystems, all these parts themselves may have backups in 

case of failure just to ensure that the missions will succeed. A Spacecraft Electrical Power System 

(EPS) is one of the fundamental and critical subsystems of a spacecraft, designed to generate, store, 

distribute, and manage electrical power throughout the entirety of a mission [9]. The EPS ensures 

the continuous operation of onboard systems, instruments, and life support systems, essential for 

mission success and crew survival in manned missions. It typically encompasses energy generation 

sources (commonly solar panels), energy storage units, power conditioning and conversion 

hardware (such power electronics converters), and power distribution networks. The EPS is 

engineered to operate in the harsh environment of space, characterized by extreme temperatures, 

vacuum, and radiation. It is designed to be highly reliable, efficient, and resilient, ensuring that the 

spacecraft remains operational over long durations.  

To manage the electrical power in the spacecraft an EPS is required. The EPS provides an 

electrical structure for generation, storing, distribution, control, operation, monitoring and 

protection of the electrical power inside the spacecraft. Figure 1 is an overview of each main 

component [9]. 

 

Figure 1. General structure of a spacecraft EPS. 
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According to the power levels and mission durations the optimum energy sources can be 

chosen for the power system. There are many power and propulsion system options available 

according to the planned mission such as solar photovoltaic (PV) cells, fuel cells, radioisotope 

thermoelectric generator (RTG), batteries, and nuclear power. Based on the mission final selection 

of the power source would meet multiple criteria [10]-[11]. The spacecrafts used as satellites 

orbiting the earth and other small spacecrafts with power levels below 10 kW primary batteries, 

solar PV, fuel cells, and RTG have been proposed as viable energy sources. Chemical-based 

propulsions can be scaled for megawatts (MW)-scale spacecraft propulsions in missions with 

relatively short durations. The PV solar sources may be used for long-duration missions with mid-

range power levels and voltages up to 200 V; for instance, the ISS generates 105 kW using solar 

arrays [12]-[13]. 

However, the solar PV systems are limited to power levels below 200 kW, they are not 

readily scalable, and impractical where sun’s reach is limited, e.g. the solar irradiance on Mars is 

about 590 W/m2 while this is 1366 W/m2 on Earth, and for farther distances the solar irradiance 

further reduces [14]. The power should be double of the power on Earth when reaching Mars [15]. 

𝐺1
𝐺2
=
𝑃2
𝑃1

 
(1) 

 Where G1 and G2 are the irradiances (in W/m2), and P1 and P2 are the resultant power 

when irradiance changes (in W). 

A spacecraft control system is used to operate a spacecraft from the ground. The source 

control covers the requirements of the whole mission, including support to preparing operations, 

besides the spacecraft operations themselves; it can also cover the ground-system operations [16]. 

The control systems consist of a computer system connected to one or more ground stations being 

utilized in communication. Some of the main functions of the control source are: 
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• Monitoring telemetry parameters to check that they are either within certain ranges or that 

they have certain expected values. 

• Commanding of the spacecraft; typically, the sending of a command will involve Pre-

Transmission Validity (PTV) checks to verify that the command is permitted, and 

Command Execution Verification (CEV) to ensure that the command has been executed 

properly onboard. Such checks are typically made by examining telemetry parameters, e.g. 

to be sure that a heater has been turned on following a switch-on command. Commands 

may be sent manually or automatically. In manual commanding, the spacecraft controller 

will send commands from an application called the 'manual stack': this is, in effect, a list 

of commands prepared on a special display which are sent by 'popping' them off the top of 

the stack. In automatic commanding, a schedule of commands (in effect a list with times 

assigned) is sent automatically by the system. 

• Collecting data in history files, for later analysis or display. 

• Alarm facilities to draw the attention of operations staff to anomalies: typically, an out-

of- limits or another type of failed check will result in an audible and visible alarm, which 

requires explicit acknowledgement by the operator. 

• Security facilities, to prevent unauthorized external access to the system and to control 

access to the various functions of the system within the control team; the limiting of 

access to commanding function is a typical example. 

• Facilities to set up and maintain the spacecraft database, which describes the 

characteristics of the telemetry data, telecommand and other mission data. 

• These are often referred to as 'mission-preparation facilities'. 



 

5 

Every electrical or electronic component on a spacecraft may be switched on or off via 

command. This has been done by using solid-state or mechanical relays that connect or disconnect 

the component from the common distribution circuit, called a main bus.  

Power distribution system has multiple subsystems and a reconfiguration management 

unit. There are regulators for solar arrays, and charge and discharge regulators for batteries, power 

distribution unit, reconfiguration unit, constant and pulsive loads [17]. 

On some spacecraft, it is crucial to power off some components before switching others on 

to keep the electrical load within the limits of the supply. Voltages are mostly measured and 

telemetered from the main bus and currents are measured and telemetered from spacecraft 

components to show their consumption. A shunt-type regulator maintains a constant voltage from 

the power source. The input voltage of the shunt regulator is generally variable but higher than the 

spacecraft's required constant bus voltage. The shunt regulator converts excess electrical energy 

into heat, most of this heat is radiated away into space by radiating plates. On spacecraft with solar 

panels, it is desirable to off-point the panels from the sun exposure to control the heat for reducing 

the regulator input voltage. The focus of this paper is the electrical power system, i.e., the 

components and elements from the electric generator to the MVDC power system. 

1.2.1. Existing Design and Criteria 

When it comes to choosing an optimal EPS for the spacecraft some criteria should be 

considered as the following [9]. For creating an optimal spacecraft, several key elements need to 

be considered. Firstly, the top-level requirements must be identified, encompassing customer 

requirements, payload requirements, mission lifetime, mission profile, and environments. By 

analyzing these aspects, a comprehensive understanding of the spacecraft's needs emerges, leading 
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to the establishment of crucial electrical power profiles. As an example, Figure 2 shows the 

requirements for the NASA spacecraft. 

 

Figure 2. Requirements for spacecraft criteria [9]. 
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requirements for the electrical power system, such as choosing an optimal power source are 
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dependable and sufficient power source throughout the spacecraft's mission.  
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controlled power infrastructure [19]-[20]. Through careful requirement identification, system 

selection, and power regulation, a remarkable spacecraft emerges. It features an impeccable 

electrical power profile, precisely sized power systems, mission-specific energy sources, and 

advanced power regulation and control. This harmonious combination empowers the spacecraft to 

venture into space with exceptional efficiency.  

1.2.2. International Space Station (ISS) as Benchmark 

1.2.2.1. Overview 

The International Space Station (ISS) is the largest modular space station currently in LEO. 

This spacecraft project involves five participating space agencies: NASA (United States), 

Roscosmos (Russia), JAXA (Japan), ESA (Europe), and CSA (Canada). The ISS main job is to be 

a laboratory, observatory, while supplying transportation, preservation. LEO is being staged as a 

potential base for future missions to the Moon and Mars. In recent years, the ISS has been served 

for commercial, diplomatic, and educational purposes additionally. The ISS is a modular space 

station. Modular stations can allow modules to be added to or removed from the existing structure, 

allowing greater flexibility [21].   

The ISS weighs about 420,000 kilograms. This is equivalent to more than 330 automobiles. 

It is 74 m long by 110 m wide. This is equivalent to a football field, including the end zones. The 

solar array surface area is 2,500 square meters, which is an acre of solar panels and enough to 

power 10 average sized homes with 110 kW of power [22]-[24]. It takes about 90 minutes for the 

ISS to circle Earth one time. During the daylight periods, temperatures reach 200ºC, while 

temperatures during the night periods drop to -200 ºC. Figure 3 shows the ISS configuration [25]. 
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Figure 3. The ISS configuration. 

The ISS has different parts such as structural trusses, pressurized habitation modules, 

photovoltaic solar arrays, docking ports, thermal radiators, experiment bays and robotic arms. 

The major ISS modules have been launched by America and Russian shuttles. Figure 4 shows 

the ISS with its components [26].   

 

Figure 4. ISS components [27]. 
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1.2.2.2. ISS EPS 

The ISS EPS consists of two major segments: a 160-Volt U.S.-built portion, and a 28-Volt 

and 120-Volt Russian-built portion. The two systems are generally independent, but they are 

interconnected via dc converters, which allows mutual transfer of power. Solar panels directly 

convert sunlight to electricity. Large numbers of cells are assembled in arrays to produce high 

power levels. The ISS power system generates 105 kW using solar arrays. US modules (wings) 

generate most of the power, around 76 kW, for maintaining the ISS in the orbit and keeping its 

component working properly. Russian modules produce 29 kW power from their solar panels.   

These U.S. solar arrays are configured into eight solar array wings (SAW) with two 

blankets per wing and two solar array wings per Photovoltaic Module (PVM) and a total of four 

PVM on ISS [28].  When completely extended, each is 35 meters in length and 12 meters wide. 

Each SAW can generate nearly 31 Kilowatts of direct current power. Each wing folds into a solar 

array blanket box just 51 centimeters high and 4.57 meters in length as it is retracted [29].  

Figure 5 shows the layout of the eight arrays with the nomenclature used by the ISS 

program for labeling the eight SAWs (1A, 1B, 2A, 2B, 3A, 3B, 4A, and 4B) and the four PVM’s 

(S4 and S6 on the starboard Truss and P4 and P6 on the port Truss). Each of the eight 11.7 m wide 

by 35.1 m long arrays are covered with 8 cm x 8 cm silicon solar cells laid out in 82 parallel strings 

with 400 cells in series per string. After the first solar panels have been launched to the space they 

were working indefinitely, therefore, their performance is decreasing yearly. NASA has deployed 

a new series of solar panels on the existing ones [30]. Six ISS Roll-Out Solar Arrays (iROSA) 

solar arrays augment the power drawn from the existing arrays on the ISS. These solar panels have 

been launched to space on SpaceX mission. Figure 6 shows how iROSA solar arrays are 

implemented.   
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Figure 5. Configuration of ISS solar array. 

 

Figure 6. iRosa on ISS [30]. 

In general, double-sided solar arrays produce electrical power to the ISS, therefore, in these 

analyses only U.S. segments have been studied. These types of solar arrays are called bifacial cells. 

One side can collect direct sunlight and the other side can reflect the light off from the Earth. They 
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have better efficiency when operating at a lower temperature than single-sided cells commonly 

used on Earth.   

The ISS is powered by a set of 160 V PVs in the US sector. The negative end of the arrays 

grounded to the conducting structure of the ISS. The solar arrays produce more power than the 

station needs since the power system needs to charge the batteries in time of eclipse. When the 

station is in sunlight, about 60 percent of the electricity that the solar arrays generate is used to 

charge the station's batteries. At times, some or all the solar arrays are in the shadow of Earth or 

the shadow of part of the station. This means that those arrays are not collecting sunlight. At these 

times the batteries are supposed to generate the power that the station needs. 

The ISS originally used nickel-hydrogen batteries for energy storage as a backup for solar 

panels. In 2016, these batteries have been replaced with lithium-ion batteries [31]. One lithium-

ion battery and corresponding adapter plate replaces two nickel-hydrogen batteries. After all the 

replacement that has been done 48 Ni-Hi batteries have been removed and now there are 24 Li-

Ion batteries on the ISS [32]. Each channel has 3 Li-Ion batteries (In total ISS has 8 channels). 

Figure 7 indicates how the batteries are assembled into the station. The ISS has a variety of loads, 

or types of equipment, on board. Some of the main types of loads on the ISS include: 

• Scientific equipment and experiments: The ISS has several facilities for conducting 

scientific research in a variety of fields, including biology, Earth science, astrophysics, etc. 

• Life support systems: The ISS has several systems in place to provide a habitable 

environment for the crew, including oxygen generation, water recycling, and temperature 

control. 

• Communications equipment: The ISS has several antennas and other equipment for 

communicating with the ground and with another spacecraft. 
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• Navigation and control systems: The ISS has a few systems for navigation, guidance, and 

control, including thrusters for adjusting the spacecraft's position and orientation. 

• Crew quarters: The ISS has sleeping quarters, a galley, and a toilet for the crew to use while 

they are on board. 

• Exercise equipment: The ISS has a few pieces of equipment, such as a treadmill and a 

stationary bike, to help the crew stay in shape while they are in space. 

More information has been provided in Appendix Table A2. 

The ISS serves as a benchmark for studying the integration of solar arrays and battery 

storage in this thesis. Their usage on the ISS, where continuous and reliable power supply is 

essential for human habitation, demonstrates their suitability for critical missions like a Mars 

expedition. By selecting the ISS solar arrays and batteries as a benchmark, valuable knowledge 

and operational experience gained from the ISS can be applied to inform the design and 

implementation of robust power systems for future Mars exploration. The well-documented 

performance, proven reliability, and suitability for continuous human habitation make the ISS 

power sources an ideal reference for designing efficient and resilient power supplies for Mars 

missions.  
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Figure 7. ISS batteries placement. 

1.3. Challenges and Problem Definition 

Various research put effort into the design of a spacecraft for Mars mission and its control 

algorithm to enhance stability, efficiency, and power quality [33]-[36]. However, challenges 

remain in the reliability improvement of the EPS. One of the primary challenges in designing 

efficient spacecraft power systems is considering the vast differences in distances and 

corresponding travel times to various celestial destinations. Understanding the distinct 

characteristics of spacecraft missions in Medium Earth Orbit (MEO), Geostationary Earth Orbit 

(GEO), and Low Earth Orbit (LEO) is essential in tailoring the design and requirements of their 

respective power systems. Missions within LEO typically range from about 160 to 2,000 

kilometers above Earth's surface [37]-[41]. These missions usually involve activities like Earth 

observation, satellite imaging, and certain human-operated spaceflights. The duration of these 

travels often would be around minutes to a few hours. In contrast, MEO, located approximately 

2,000 to 35,786 km above the Earth, is commonly used for navigation satellites, like those used in 
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GPS systems, where a balance between coverage area and signal strength is crucial. The highest 

of these orbits, GEO, at about 35,786 kilometers directly above the equator. This orbit is ideal for 

communications and weather satellites, requiring highly stable and reliable power systems due to 

their constant exposure to the harsher conditions of space, including solar radiation. Each orbit 

type, with its specific altitude and mission objectives, demands distinct considerations in terms of 

power generation, sustainability, and durability. These orbits are specific to Earth and are used to 

categorize the positions of artificial satellites around our planet. Figure 8 indicates the orbital 

altitude and coverage areas. 

 

Figure 8. Schematic of the orbital altitude and coverage areas. 

   Missions to Mars involve interplanetary travel, departing from Earth's gravitational 

influence and navigating through space to reach the orbit of Mars, a journey of approximately 54.6 

million km at its closest approach to Earth. encompasses significantly longer travel times, 

potentially takes several months. This journey is significantly more complex and lengthier than 

positioning satellites in Earth's orbit, involving intricate trajectory calculations, propulsion 

requirements, and energy management to cover the millions of kilometers between Earth and Mars. 

All the spacecrafts that have been launched into space have made a huge development in 

our knowledge regarding space and deep space. However, the most challenging issue is the power 

system of the spacecraft [42]-[44]. Robust power system design that can provide the power to all 

the components at any time of the travel is vital. This system should be able to maintain the power 

level and have enough power to provide sufficient propulsion for the spacecraft to be launched 

GEO MEO LEO
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into space and orbit changing [45]-[47]. Studies have shown many different designs for spacecraft 

power systems for Mars mission. [48] investigated on a 500 W vertical axis wind turbine, ground-

based, with focus on the atmosphere challenges. [49] studied wind turbines for uncrewed science 

missions as an alternative for power supply. Their conclusion is that wind power is a good 

alternative power supply for uncrewed missions. It should be emphasized that the power demand 

disparity between manned and unmanned missions is incredibly significant: Crewed Mars mission 

requires a net electric power of 80 kW to supply a six-person crew during a 500-sol mission [50]. 

This is much more power than required by an uncrewed mission, for example, the thermoelectric 

generator of MSL rover (Mars Science Laboratory) has been able to generate 0.11 kW of electrical 

power. Power generation on Mars missions is acritical topic in numerous studies. However, the 

discussion is mainly on short travels like LEO, or they only focus on uncrewed missions. Many 

contributions on power systems (focused on PV cells/panels) have been published [51]-[56]. 

However, the issue with solely using PV panel is the dust on Mars surface which drains the power 

from spacecraft.  

The efficacy of solar panels in generating power is directly influenced by two critical 

factors: solar irradiance and temperature [57]. These factors undergo significant changes during a 

mission to Mars, impacting overall power generation. As a spacecraft travels from Earth to Mars, 

it experiences a decrease in solar irradiance, the intensity of the Sun’s rays. This decrease is due 

to the increasing distance from the Sun; Mars orbits approximately 1.5 times farther from the Sun 

than Earth. Consequently, the amount of solar energy available for panels to convert into electricity 

is significantly reduced. Besides, a solar eclipse is a natural phenomenon that results in an abrupt 

and short-time perturbation of the solar radiation reaching the area of its visibility on the planet’s 

surface. This phenomenon can reduce solar irradiance significantly, which leads to a decrease in 
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the power level of solar panel [58]. Solar panel performance is also sensitive to temperature 

changes. In space, the absence of atmospheric buffering leads to extreme temperature variations. 

Direct sunlight, the panels can become exceedingly hot, while the temperature can drop drastically 

in the shadow of a planet or during night-time on Mars. This factor makes solar panels unreliable. 

For such a long travel to Mars, in which the distance itself can reduce the irradiance, using only 

solar panels can be really challenging and less practical. Figure 9 indicates how power changes 

when temperature and irradiance are reducing. 

 

Figure 9. Solar panel power change. 

 Thus, in order to ensure the successful space missions to Mars, there are several challenges 

must be properly addressed: 

1. Investigating proper power source to support the high-power demand of the space 

mission; 

2. Implementing a high-power spacecraft power management and distribution (PMAD) 

system to meet the power needs of different subsystems; 
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3. Ensuring the stability and robust operation of the PMAD.  

To address those challenges, in this work, first a high-power power system architecture is 

proposed for space missions (Figure 10). This spacecraft power system consists of 3 different 

energy sources, Solar panel, Batteries and Nuclear electric propulsion (NEP). All these sources are 

connected to the common bus bar through power electronics converters to supply the spacecraft 

loads and thrust. Second, different power electronics converter topologies have been reviewed and 

investigated to optimize the PMAD. Third, to enhance the reliability and robustness of the 

proposed PMAD, robust control algorithms are proposed for the power electronics converter that 

is used in the PMAD. 

 

Figure 10. The proposed power system architecture for space missions.  

1.4. Challenges and Contributions 

The primary objective in designing a large spacecraft power and propulsion system capable 

of MW-level is to achieve a highly reliable, efficient, and robust system that can sustain long-

duration space exploration. This involves the integration of advanced power sources, such as high-

output solar arrays and nuclear reactors, with state-of-the-art energy storage solutions to ensure a 

consistent power supply. The system must incorporate PMAD technologies that facilitate optimal 

energy allocation to various subsystems, maintaining operational stability in the face of dynamic 

space environments and mission requirements. Additionally, the design must prioritize scalability, 
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fault tolerance, and adaptability to support a wide array of mission profiles and extend beyond the 

current frontiers of space travel. All components and systems will be engineered to meet rigorous 

standards of weight and volume efficiency, critical for launch viability and mission success, while 

also considering ease of maintenance, repair, and potential scalability for future enhancements or 

power needs adjustments. Challenges in designing a large spacecraft power system can be defined 

in 3 categories: 

I. Power Source 

One of the principal challenges in designing spacecraft power systems is the selection and 

integration of appropriate power sources that can sustain the high-power demands of long-

duration space missions. Traditional power sources, such as solar panels, must be capable 

of generating significant amounts of energy while remaining lightweight and durable 

against the harsh conditions of space. Moreover, for long mission duration, alternative 

power sources like nuclear reactors become vital. The intricacy of incorporating these 

diverse power sources lies not only in their physical deployment but also in the efficient 

management and distribution of the energy they generate. Balancing the energy supply 

with the dynamic and sometimes unpredictable power demands of a spacecraft requires a 

sophisticated power management system that can adapt to varying conditions without 

sacrificing performance or safety. 

II. Spacecraft PMAD System 

The development of a high-power Spacecraft PMAD system poses a significant role in the 

path of deep space exploration. This system must seamlessly allocate energy to various 

spacecraft subsystems, which have different and often variable power requirements. For 

example, life support systems, scientific instruments, and propulsion units all have unique 
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energy needs that the PMAD must satisfy reliably. The challenge is compounded when 

considering the need to incorporate redundancy, fault tolerance, and the ability to adapt to 

failures or changes in the mission profile. Efficient power distribution is further 

complicated by the need for weight and space minimization, which restricts the amount of 

hardware that can be onboarded, thereby demanding innovative solutions that leverage 

advanced electronics and control systems. 

III. Stability and Robust Operation 

Maintaining the stability and robustness of the PMAD system is crucial for the success of 

space missions. Power systems in space are subjected to a variety of disruptions. The 

PMAD must be able to handle these perturbations while ensuring that the spacecraft's 

power supply remains stable and reliable. This involves developing advanced control 

algorithms that can anticipate and mitigate potential disturbances, as well as designing 

converters and other power electronic devices that can operate effectively under a wide 

range of conditions. Moreover, the need for the PMAD system to operate over long 

durations without maintenance increases the reliance on automated diagnostics and self-

healing mechanisms to ensure continuous and uninterrupted power delivery. 

For selecting power sources for a MW-level spacecraft system involves a multi-faceted 

approach that can meet the varied demands of long-duration missions. The NEP, PV arrays, 

and Batteries offers a comprehensive mix of energy generation and storage capabilities. 

Each of the power sources’ benefits is described in Table 1. 
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Table 1. Advantages of Power Sources. 

Power Sources Benefits 

NEP 
High Power, Long-Term, Reliable 

energy for deep space missions. 

PV arrays 
Low-Power, Sustainability, and 

abundant energy during sunlight. 

Batteries  
Quick energy release for peak demands 

and energy storage for eclipse periods. 

To make the power transmission between the energy sources and loads are ensured. The 

energy sources should be connected through power electronic converter to the common DC bus 

bar.  

In order to integrate PV arrays with the spacecraft's power bus, boost converters are 

essential. These converters escalate the voltage from the PV arrays to the required level for the 

bus, thereby ensuring compatibility with the system's voltage standards and facilitating efficient 

power transfer. The heat generated by the nuclear reactor is converted into electrical power via a 

permanent magnet generator, which operates at a constant speed. This AC voltage is then 

converted to DC by a rectifier, allowing for connection to the common bus bar. The stable output 

from the rectifier also plays a pivotal role in regulating the bus voltage, thus maintaining a 

consistent power supply within the system. 

Additionally, the required power from the battery is managed by a bidirectional boost 

converter. This advanced component not only steps up the voltage for discharge operations but 

also enables the recharging of the battery, providing an efficient energy storage solution.  

To meet the high-power demands of the electric thruster, an Isolated DC-DC converter is 

employed. This converter boasts superior power density due to its galvanic isolation, which offers 

the dual benefits of electrical isolation and noise reduction. The implementation of this converter 



 

21 

is crucial for optimizing the power delivery to the electric thruster, ensuring that it operates at peak 

performance while mitigating risks associated with electrical interference. 

1.5. Outline 

This thesis is organized as follows: 

• Chapter 2 discusses the proposed PMAD system. For providing enough power to the thrust, 

NEP has been used. Besides, PV and BESS are used to support the MVDC and meet the 

power demand. The power conversion between these 3 sources through DC common bus 

have been analyzed. 

• Chapter 3 discusses the control approach for the PV and BESS side power electronics 

converters. The control approach of each converter has been analyzed. The model of each 

has been given. 

• Chapter 4 will discuss how the load and thrust power would be regulated. A new control 

approach for the most effective regulation has been proposed. A comprehensive study on 

control has been given. 

• Chapter 5 will discuss the conclusion and future work. 
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2. PROPOSED MVDC SYSTEM FOR MW LEVEL SPACECRAFT 

2.1. Overview 

2.1.1. Spacecraft Electric Propulsion 

Traveling to Mars presents a multitude of challenges, including the distance from Earth 

and duration of the journey [59], radiation exposure [60], the complexity of entry, and landing, as 

well as the inhospitable Martian environment and propulsion. To ensure the viability and success 

of Mars missions, advances in electrical propulsion systems have become a key element due to 

their importance for overcoming distances, durations and harsh Martian conditions.  

The improvement of electric propulsion (EP) systems has been drawn since 1960s when 

plasma sources capable of producing significant current were first created [61]. The first in-space 

demonstration of an EP took place in 1964 when an ion engine was used on the Space ERT-1 

spacecraft and a pulsed plasma thruster (PPT) was used on the Soviet Zond-2 satellite. EP 

technology has advanced rapidly since then, leading to the development of new concepts. EP 

thrusters have been developed all over the world, many of which have operated successfully on 

satellites and space exploration probes. EP has started to reach its full potential in recent years, 

largely driven by the availability of power on space shuttles and high-powered electronic-based 

systems [62].  

EP’s operation is based on the law of momentum conservation. The thrust of the EP can be 

generated by expelling matter with high kinetic energy like chemical propulsion [63]-[64]. EP 

stands out due to its capability to attain high exhaust speeds by transferring a considerable amount 

of externally stored energy to the propellant. This characteristic leads to minimal propellant 

consumption during maneuvers, a significant advantage over chemical propulsion systems. EP’s 

ability to operate for extended periods and its flexibility further underscore its benefits. Main 
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disadvantage lies in the current limitations of power supply, resulting in relatively low thrust 

levels. This limitation highlights the ongoing need for advancements in power generation, 

processing, and control technologies to enhance EP's performance and applicability in spacecrafts 

[64]-[65]. Authors in [66]-[67] discussed the EP technology covering the flight experience, 

operational characteristics, and spacecraft interactions. The plasma thrusters for space travel have 

been discussed in [68]-[69], while the authors in [70]-[71] discuss fundamentals of EP operation 

and compare different concepts.  

Among the technologies being explored for MW-scale EP are Hall effect thrusters, ion 

thrusters, and magnetoplasmadynamic (MPD) thrusters. Each offers unique advantages in terms 

of efficiency, thrust, and operational lifespan, making them suitable for different aspects of 

interplanetary missions, from initial launch and transit to orbit insertion and station keeping. The 

authors in [72] compare different EP thrusters for small spacecraft, where they are classified into 

electrothermal, electrostatic and electromagnetic accelerations [73]-[80]. Authors in [73] 

concentrated on the preliminary design of a 50mN RESISTOJET propulsion system that operates 

at low pressure and uses a two-phase high-density propellant. The work in [74] focuses on 

developing a green propellant for CubeSats, addressing issues like space debris and propellant 

toxicity. A unique feature of the system proposed in [75] is its ability to utilize the unutilized 

pressurized gas from the liquid feed system once the liquid propellant is depleted, offering an 

advantage for cold gas propulsion. The authors in [76]-[77] introduced high-power EP systems, 

such as the inductive pulsed plasma thruster (IPPT) suitable for applications ranging from satellite 

maneuvering to deep space exploration. The IPPTs are further discussed in [78]-[79] highlighting 

their electrodeless design and the use of an inductive coil to accelerate propellant at high exhaust 

velocities. Authors in [79]-[80] presented a concept to control the ion flux distribution for a 
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magnetically enhanced thruster with an additional coil. It highlights that effective magnetic control 

is achieved when plasma density and spatial extent are having a correlation.    

2.1.2. Energy Sources for Spacecrafts 

In EP systems electrical energy is used to generate power for the electric thrusts in the 

spacecraft. Different electrical sources have been used, however, for MW-scale propulsion 

challenges exist in scaling conventional sources for high-power spacecrafts. Figure 11 depicts a 

paradigm of spacecraft power comparing different sources of power based on mission duration 

[9]. 

1. Primary batteries are suitable for short-duration missions or the initial stages of longer 

missions in space [81] such as small satellites orbiting the Earth or spacecrafts with power 

requirements of less than 10 kW. Small satellites including CubeSats [82] and other 

miniature spacecraft [83] often have limited space and weight capacity, making compact 

and lightweight primary batteries an attractive option for providing the necessary power 

for their operations. These satellites typically perform tasks such as Earth observation, 

scientific research, and communication relay for a limited period, ranging from a few days 

to a few years before their batteries are exhausted. For spacecraft with power needs of less 

than 10 kW, primary batteries can provide a simple and reliable power source for the initial 

stages of the mission. For example, they can be used to power the spacecraft's systems 

during launch and deployment, after which the spacecraft might switch to a more long-

term power source like solar panels or a secondary (rechargeable) battery system [84].    
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Figure 11. A paradigm of spacecraft propulsion power and source. 

2. Fuel cells are a power source that may be used for missions that require more energy and 

longer durations than what primary batteries can provide [85]. Unlike batteries, which store 

chemical energy and convert it to electrical energy, fuel cells generate electricity through 

a chemical reaction between a fuel (usually hydrogen) and an oxidant (usually oxygen) 

with water and heat as byproducts. NASA’s fuel cell usage to-date has consisted of Proton 

Exchange Membrane Fuel Cells (PEMFC) and Alkaline Fuel Cell (AFC) technology [86]. 

AFC were first used in space on the Gemini missions, but their most notable application 

was on the Apollo spacecraft. The Apollo Service Module was equipped with three fuel 

cells, each capable of producing 1.5 kW of power [87]. The Space Shuttle orbiters had fuel 

cell power plants that supplied electricity and water during missions [88]. While fuel cells 

have been a valuable asset in spacecraft missions, they are not without limitations. 

Challenges such as the storage of volatile fuels, the complexity of thermal management in 

space, and the weight and volume constraints of spacecraft systems must be addressed. 

Additionally, the initial cost and maintenance of fuel cell systems can be high.    
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3. Solar (PV) sources in combination with batteries offer viable solutions for long-range 

missions with powers of up to a few hundred kWs, as long as they have a decent distance 

from the Sun. These systems are common for satellites and low earth orbit (LEO) missions.  

4. Radioisotope thermoelectric generators (RTGs) convert the heat released by the decay of 

radioactive materials into electricity. They are commonly used in deep space missions 

when solar power is not applicable. However, their power is limited, commonly below a 

few hundred watts. The authors in [89] designed a low-radiation, lightweight RTG for 

space exploration using a Monte Carlo model to evaluate alternative radioisotopes and 

proposing materials for housing and encapsulation. A historical review of RTGs and 

thermoelectric conversion is also presented for performance comparison in [89]. However, 

for a long-lived operation the Multi-Mission Radioisotope Thermoelectric Generator 

(MMRTG) power system is a better option due to its power and long lifespan of at least 14 

years [90], albeit at powers of up to sub-kW. Authors in [91] analyzed the performance of 

the MMRTG engineering unit (EU) to improve confidence in power predictions for the 

first flight unit (F1). The EU's testing under simulated conditions similar to F1 on Mars 

showed a consistent degradation pattern indicating robust MMRTG performance 

predictions.   

5. The only two sources suitable for MW-scale spacecrafts are chemical-based sources and 

heat source-based systems, i.e., nuclear power. While the chemical-based systems offer 

high-power they can only last for short missions leaving nuclear power as the only viable 

energy source for MW-scale long missions. The MW-scale sources are described in detail 

in the following section.    
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2.1.3. The Role of MW-Scale Propulsion in Interplanetary Travel 

For missions that require MW-scale power, such as interplanetary crewed Mars missions, 

two sources of energy are viable, Figure 11: (i) Chemical-based sources for short to medium term 

missions, and (ii) heat source-based sources for short-, medium- and long-term missions, such as 

nuclear thermal propulsion (NTP) and nuclear electric propulsion (NEP) due to their high energy 

density and efficiency [92]. NTP uses a nuclear reactor to heat a propellant, providing higher 

specific impulse and shorter travel times compared to conventional chemical propulsion. NEP, on 

the other hand, uses a nuclear reactor to generate electricity, which powers electric propulsion 

systems like ion thrusters. This allows for very high specific impulse and long-duration deep space 

missions.  

Figure 12 shows the mission path designed by NASA for a crewed large-spacecraft travel 

to Mars, which lasts approximately 650 days with 30 days stay on Mars. The mission is planned 

for a launch in 2027 with the planned arrival of Mars in April 2028. It takes 217 days for an 

outbound flight to Mars and 403 days on the return trip back to Earth. The mission has separate 

cargo and crewed vehicles with assembly orbit in LEO or cislunar space.  

NASA has developed a propulsion concept for NEP/NTP for a spacecraft for Mars transit 

sized for four crews whose parameters are listed in Table 2 [93]. The work in [94] provides a 

technology maturation strategy by NASA's Space Nuclear Propulsion project to advance the 

readiness of critical technology elements for a high-power NEP. This strategy aims to mitigate 

risks associated with the development and future use of NEP by focusing on the demonstration of 

1 MWe-class building blocks for major non-nuclear elements and critical reactor technologies. 

The plan emphasizes testing subsystems at relevant scales and environments to gain confidence in 
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their performance, wear mechanisms, and failure modes targeting a Technology Readiness Level 

(TRL) of 5 for each subsystem.  

In [95] three different models have been proposed, (i) a detailed trajectory model to 

estimate the vehicle mass required for mission success as a function of NEP system, (ii) a power 

system mass model to estimate specific mass of NEP as a function of power and radiator mass 

assumptions and (iii) a power conversion system thermodynamic model to predict the radiator area 

required for a Brayton cycle power conversion system. Overall, the paper suggests that continued 

development and refinement of these models will provide deeper insights into the system-level 

effects of technology development choices for NEP power systems, aiding in the optimization of 

mission vehicle mass and architecture for crewed Mars missions. The authors in [96]-[97] 

proposed combination of NEP with chemical propulsion for Mars spacecraft propulsion. This 

hybrid propulsion demonstrates the potential to decrease the risk, complexity, and possibly the 

cost of crewed Mars missions compared to full NEP.   

An outline of the current state of development in NEP and NTP can be found in [98]. 

Achieving the readiness of NEP systems for high-power missions, particularly for human Mars 

expeditions, hinges on a robust hardware testing strategy that mirrors the anticipated operational 

conditions. This approach ensures that the propulsion systems meet the stringent requirements for 

interplanetary travel including reliability, performance, and safety. Beyond technical feasibility, 

the evaluation of NEP/NTP systems for human Mars missions involves assessing their ability to 

reduce travel times, mitigate space radiation exposure, and provide adequate power for life support 

and scientific operations. This holistic approach is vital in determining the suitability of NEP 

systems for crewed missions to Mars. 
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Figure 12. Opposition Class: Short-Stay Mission on Mars [93]. 

Table 2. Comparison of transport options on Mars with nuclear enabled, opposition class [93]. 

NEP NTP 

➢ specific impulse of at least 2000 

(Isp) 

➢ Specific mass below 20 kg/kWe 

➢ Electrical power: 1 to 2 Mwe 

➢ Reactor thermal power: 3 to 10 

MWth 

➢ Operational lifetime: 4 years for 

power generation, 1 to 2 years for 

thrust 

➢ Voltage level of 1 kV,  

➢ Frequency range of 2 kHz 

➢ Nuclear thermal rockets with 

specific impulse of 900 (Isp) with 

up to 2500 lbf/engine 

➢ Hydrogen propellant heated to at 

least 2500 K 

➢ Reactor thermal power: ~500 

MWth 

➢ Operational lifetime: 4 h 

(intermittent operation: 6 to 8 

restarts) 

Authors in [99]-[100] have provided an overview of major elements of NEP, which is 

divided into five critical technology elements, Figure 13:    

I. Nuclear reactor system (RXS) as the power source where the nuclear reactions provide the 

energy needed for the propulsion. The fuel of the reactor is Uranium. RXS generates heat 

as a result of nuclear fission, which will be converted to electrical power in the next stage 

Sun

Venus swing-by

12/8/2038 (Day 465)

Earth Return

6/11/2039 (Day 651)
Earth departure 

8/30/2037 (Day 0)

Mars arrival 

4/4/2038 (Day 217)

Mars departure 

5/4/2038 (Day 247)
Mission times:

Outbound  217 days

Mars stay  30 days

Return       403 days

Total          650 days
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of propulsion. It should be noted that the NEP shield in Figure 13 serves to protect the rest 

of the spacecraft from radiation emitted by the reactor.     

II. Power conversion system (PCS) that transforms nuclear heat into electrical power. The 

PCS’s main components include a heat cycle that takes the heat from the reactor and 

processes it to a turbine that spins a generator. different heat cycles have been proposed for 

PSCs including Rankine/Hern, Thermo-acoustic, Brayton, Stirling [101]-[102], however, 

Brayton cycle has attracted more interest due to its high efficiency, long life, and scalability 

to high power [103]. The turbine in the PCS is designed to operate at temperatures above 

1300 K [104], with a speed range of up to 75000 rpm for the turbine [102]. The turbine 

provides mechanical power rotating the generator whose output is electrical power, i.e. AC 

voltage and current. The authors in [105] conclude that a Brayton cycle combined with a 

high-speed turbine and a permanent magnet (PM) synchronous generator is a promising 

approach for PCS for the large spacecrafts. Key performance parameters for the PCS that 

are appropriate for human Mars mission have been mentioned in [106]-[107]. The 

summary of the finding mentioned the power level from 0.5 MW to 4 MW, a voltage level 

of 1 kV, and a frequency range of 2 kHz, which are included in Table 2. 

III. PMAD that processes the generator’s electrical power and may include components such 

as power electronics converters, control, and monitoring systems that manages the 

electrical power supplied to the electric thrusters and other spacecraft electrical power 

systems. NASA’s PMAD requirement for NEP include [108]: Operating lifetime: 2 to 10 

years; power level: 100 kW to 10 MW; and voltage level: 200 to 10,000 V. Note, the 

PMAD specifications need to match those of the electric generator output, which are 

ultimately defined based on the mission and spacecraft design.    
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IV. The electric propulsion subsystem (EPS) which includes the electric thruster, and its power 

processing unit, which is a power electronics converter that controls the voltage and current 

into the thruster. The thruster is chosen based on the specific impulse, efficiency, mission 

requirements and spacecraft design. Three major electric thrusters are Hall Effect thruster, 

Ion thruster, and MPD thruster [109]-[110].    

V. The primary heat rejection system (PHRS), which is usually made of materials that are 

effective at absorbing radiation. The PHRS includes radiators that play a crucial role in the 

NEP’s heat rejection process by dissipating excess thermal energy into space to maintain 

optimal operating temperatures for the spacecraft's components. There are seven critical 

technologies of radiator systems [105].     

 

Figure 13. NEP main elements [102]. 

It should be noted that the utilization of NEP in the context of a spacecraft's mission, 

involves a multi-stage process that begins with the spacecraft's launch from Earth and transitions 

to the use of NEP once the spacecraft reaches LEO.  

The spacecraft is launched from Earth using conventional chemical rocket thrusters. These 

thrusters provide the high thrust necessary to overcome Earth's gravitational pull and atmospheric 
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drag. Chemical rockets are preferred for this stage due to their ability to produce a large amount 

of thrust in a short time, allowing the spacecraft to reach LEO quickly. 

Once in LEO, the spacecraft prepares to transition to NEP for the remainder of the mission. 

This often involves deploying the spacecraft from the launch vehicle or detaching parts of the 

spacecraft that were only necessary for the initial launch phase [106]. 

In the safety of LEO, where the risk of radioactive contamination to Earth's environment 

is mitigated, the NEP system is activated. The NEP provides a low thrust but high specific impulse, 

which means it is very fuel-efficient, producing a small amount of thrust over a long period. This 

is in contrast to chemical rockets which provide a high thrust over a short period. 

Using NEP, the spacecraft begins the cruise phase of the mission. The propulsion system 

gradually increases the spacecraft's velocity over time. This gradual acceleration is suitable for 

interplanetary travel, as it conservatively uses the limited nuclear fuel supply and takes advantage 

of the NEP system's high efficiency. 

As the spacecraft approaches Mars, the NEP system can be used to decelerate the spacecraft 

for orbit insertion. This phase of the mission would be carefully planned to ensure the spacecraft 

enters Mars’ orbit with the correct speed and trajectory. 

Once in Mars orbit, the spacecraft can commence its surface mission objectives. Should 

the mission design include a return trip to Earth, the NEP system would once again be employed 

to exit Mars' gravitational influence and propel the spacecraft back to Earth, using the same 

principles of gradual but efficient thrust. 

It's worth noting that NEP systems are not used during the launch phase from Earth due to 

safety concerns. In the event of a launch failure, a nuclear reactor could pose a significant risk if it 
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were to explode or disintegrate in Earth's atmosphere. By initiating NEP use only once safely in 

space, the risk of radioactive contamination to the planet is significantly minimized [107]. 

2.2. Power Conversion Between Three Different Energy Sources 

The need for power conversion in spacecraft arises from the necessity to efficiently utilize 

and manage the energy harvested from various sources and to supply it to the propulsion system 

and the loads in a form that is compatible with its operational requirements. Power conversion 

ensures that the electrical energy generated is transformed into the appropriate voltage and current 

levels required by the propulsion system and the loads, which is essential for maintaining the 

spacecraft's trajectory in space. The interplay between efficient energy management and the 

dynamic nature of power conversion underscores the complex challenges faced by spacecraft 

power systems. As the operating point continues to fluctuate due to the constant search of 

maximum power point tracking (MPPT) which the PV source can produce, the dynamic behavior 

of the used DC-DC converter will be disturbed at all times [42].  

A PV panel under irradiation exhibits I-V characteristics with a unique point, MPPT, where 

the PV panel produces maximum output power. Author in [111] proposed a DC-DC converter at 

the panel level for the issue of power output reduction in solar PV panel strings due to mismatch 

between panels by partial shading. When mismatch occurs, either the panel-integrated diodes 

bypass the shaded panels, resulting in a loss of power, or the current of the entire string is reduced 

to match that of the shaded panels, leading to a further loss of power. The proposed work can 

generate power with 168% of power conversion efficiency than the conventional methods. While 

author in [112] discusses the design and implementation of an isolated high-frequency (HF) 

multiport DC-DC converter for PV interfacing systems. The converter uses an HF transformer 

with multiple input windings for each PV module and a single output winding connected to a DC 
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bus. A unique feature of this system is the use of a two-quadrant inverter topology for each input 

port, which prevents current from flowing back from the AC side to the DC side. In PV generation 

systems a DC-DC converter is required to connect the low volage PV and the high volage DC link 

MPPT control is vital to enable the full capacity of solar PV in DC-DC converter [113]-[114]. 

High tracking accuracy, stable transient response, and steady-state performance are key factors for 

evaluating MPPT techniques.  

In [115]-[118] P&O algorithm which detects the MPP of the PV, studied. However, the 

output of the P&O algorithm has oscillation around the MPP. In [115] the speed controller is 

utilized in transient time by adapting scaling factor. To adjust the scaling factor, in [118], a flat 

scale factor is used. Current sensorless MPPT has been proposed in [119], where PV voltage is 

measured and cell temperature is estimated, so PV current can be measured from a proposed 

lookup table in [120], but this technique is plagued with complexity and reliability problems. Due 

to problems with ambient temperature estimation and model accuracy.  

The method introduced in [121] eliminates the need for one current sensor by estimating 

the PV current using two measurable variables: the PV voltage and the output inductor current. 

While this approach is effective in tracking MPP, it necessitates careful attention to ensure the 

stability of the system. Multivariable control systems require finite-set model predictive control 

(FS-MPC) [122]. Model predictive control (MPC) based on MPPT has been studied in [123]-[124]. 

The MPC-based MPPT technique described in [83] efficiently tracks the maximum power output 

of PV modules under different environmental conditions. However, this method requires the use 

of three sensors: two for voltage and one for current. While the MPC-based MPPT technique 

provides efficient tracking of maximum power output, its reliance on multiple sensors adds 

complexity and cost to the system [125]. In contrast, the study of two aspects of MPP and P&O 
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for PV panels reveals an alternative approach. This approach involves a PV panel controller 

operating in current control mode, which allows for a rapid response to sudden changes in 

irradiation. By quickly adjusting the current reference to the controller, the system can adapt to 

changes in irradiation more effectively. The proposed method has demonstrated that the tracking 

speed can be increased by a factor of two, and oscillations can be reduced by 30%, offering a 

potentially more efficient and responsive solution for PV systems [126]. 

The integration of a BESS is essential for maintaining a stable and reliable energy supply. 

By providing a buffer during periods of low solar irradiance or system disturbances, the battery 

backup ensures a continuous power supply, enhancing the overall resilience and efficiency of the 

energy management system in spacecraft. Because of this solar panels’ characteristic, spacecrafts 

use batteries as a backup energy source. The solar powered spacecraft produces more power than 

what the spacecraft needs since the power system needs to charge the batteries in time of eclipse 

[127]. To achieve this, advanced battery management must be incorporated into aircraft power 

management systems. Battery management system monitors and controls the storage and delivery 

of solar power drawn from solar cells. Battery modules are the main components of a battery 

management system. Compared to alternative battery technologies, Li-ion batteries offer high 

energy density, flexible and light-weight design, no memory effects, and a long lifespan [128]. 

These features of Li-ion batteries make them highly suitable for electric vehicles (EVs) and 

aerospace applications [129]-[131].   

Primary battery management measures the observable quantities like voltage, current, 

temperature and state estimation for battery performance computations [132]. The bidirectional 

power flow for charge/discharge of the BESS requires a bidirectional isolated DC-DC converter. 

Authors in [133]-[135] provided a general literature review of DC-DC converters connected to the 
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Li-Ion BESS. Due to nature of space application scenarios including periodic charge and 

discharge, nearly constant discharge current, low electric current rate, and fixed depth of discharge, 

which bring challenges to battery pack state-of-health estimation. Author in [133] introduced an 

empirical model to improve the accuracy of discharge process under constant current. However, 

the proposed method is only valid under special operating conditions.  In [134] a dynamic model 

for the battery charging process is proposed. The battery is charged using a non-inverting 

synchronous buck-boost DC-DC power converter. According to the supply voltage conditions of 

PV panels the proposed design estimated the battery dynamics.  

The authors of [135]-[137] studied the current-source full bridge converter topology that 

has a dc-link inductor connected to the low-voltage bridge. It can minimize ripple current at the 

12-V battery side of a fuel-cell EV application. The converter topology is also considered for a 

100-kW, wide operating voltage range application in [138]. The converter, however, suffers from 

high device voltage stress and needs an active clamp consisting of an active switch and a capacitor 

rated at full load for voltage clamping and to absorb the difference between the dc-link inductor 

current and transformer leakage-inductor current.  

The voltage-source full-bridge bidirectional isolated DC-DC converter is studied for high-

power automotive applications [139]-[141]. High-power transfer capability in the converter can 

be achieved using simple phase-shift-modulation techniques. However, the modulation techniques 

require complex computation. Authors in [142] studied a buck converter to charge the BESS for 

increasing the reliability of it. In this energy management system, it is considered that when the 

production is more than demand, the extra energy will charge the battery and no energy is 

transferred from the grid to the system. However, demand and battery charging will be 

compensated by the grid when there is a shortage of input power to supply electricity.  While 
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authors in [143] investigated a problem of regulating output voltage for a battery powered boost 

converter when load is uncertain or changes in certain ranges. The battery with two capacitors is 

modeled with a second order circuit. The optimized state feedback and the integrator feedback can 

be regulated in the presence of uncertain load and battery voltage.  

Figure 14 shows the medium MVDC microgrid system proposed for the Mars mission 

spacecraft. The core objective of the MVDC microgrid is to optimize the power and propulsion 

system by efficiently managing multiple power sources, including a NEP system, PV panels, and 

BESS. The solar panel voltage varies from 120-385V and connects to the DC bus using a DC-DC 

converter. Similarly, to convert the voltage of the BESS and charge/discharge the energy storage, 

a bidirectional DC-DC converter is employed, allowing the voltage to be increased from 320 V to 

1000 V. An Adaptive Solar Controller for Maintaining MPPT under Variable Temperature and 

Solar Intensity has been indicated. Battery Charge/Discharge Rate is achieved with BESS 

controller.  PM generator has been connected to NEP for power generation from Thermal Energy. 

NEP uses a nuclear reactor and turbine to drive an PM to generate electrical power. The 3-phase 

rectifier has been introduced to maintain the voltage and power that has been generated from heat 

source. Most of the power that has been produced from the NEP would be used for the thrust of 

the spacecraft. On the thruster side, an isolated DC-DC converter with controlled current output 

ensures optimal interfacing with the propulsion system. 
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Figure 14. MVDC microgrid for Mars mission. 
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3. BOOST CONVERTER CONTROL FOR SOLAR AND BESS 

3.1. Converter Topologies 

As discussed previously, the NEP is connected to the MVDC grid through a 3-phase 

rectifier. The NEP rectifier is regulating the bus voltage, i.e., regulating the 1000 V MVDC grid 

voltage. Given the limitations provided in section 2.1 regarding the solar PV systems, in terms of 

scalability and dependency on solar irradiance, it becomes imperative to explore efficient energy 

conversion and management solutions. PV power varies with temperature, irradiance and load 

characteristics [144]-[145] and it is directly proportional to irradiance and inversely proportional 

to temperature. Thus, the role of power converters is a critical component in optimizing the 

performance of solar PV systems [146]. For effective use of PV panels, DC-DC converters are 

included in PV implementations [147]. Switching devices like MOSFETs and IGBTs are 

commonly used in converters for solar energy applications. These high voltage converter switches 

typically operate at a switching frequency greater than 10 kHz and can handle voltages up to 1.2 

kV. However, in high voltage converters, the switching frequency is usually limited to around 1 

kHz due to increased switching losses.  

Recent advancements in the manufacturing of switching devices have helped to overcome 

this limitation, allowing for higher switching frequencies. The author in [148] presented a high-

power boost converter using SiC JFET as switching device that can operate up to 300 kHz. By 

using a MOSFET with a low drain source on resistance, the conduction loss can be largely reduced 

[149]. The cost, efficiency, energy flow and ability to maintain the output irrespective of any input 

variations are a primary criterion for choosing DCDC converters in PV installations. The influence 

of voltage ripple on the output side of PV module should be minimum as possible [150]. The 

hardware complexity of the converter consists of the filter size and the gate drive circuit. The 
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single-ended primary-inductance converter (SEPIC) has a high output voltage ripple at output side 

compared to the other converters. Table 3 indicated a comprehensive analysis of cost, efficiency, 

hardware complexity in boost, buck, buck-boost, SEPIC and flyback converters. The efficiency of 

a converter can be calculated by, 

𝜂𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 =
𝑉𝑜𝑢𝑡 ⋅ 𝐼𝑜𝑢𝑡
𝑣 ⋅ 𝐼𝑝𝑣

=
𝑣 ⋅ 𝐼𝑝𝑣 − 𝑃𝑙𝑜𝑠𝑠𝑒𝑠

𝑣 ⋅ 𝐼𝑝𝑣
 

(2) 

where Vout is the voltage of the converter at the output side, Iout is the output current of the 

converter, v is the voltage at the output of the panel, Ipv is the current at the output of the panel and 

Plosses is the losses of the converter. 

Table 3. Comparison of various converters [151]-[156]. 

Characteristics Buck Boost Buck boost SEPIC Flyback 

Efficiency High High Medium Medium Medium 

Cost Medium Low Low Medium Medium 

Hardware 

complexity 
Medium Medium Medium High High 

Energy 

transferring 

elements 

Inductor Inductor Inductor 

Inductor 

and 

capacitor 

Transformer 

Several studies have reviewed the topologies for converters in renewable energy systems. 

Although SEPIC, Cuk and buck-boost converters have high ripple in the load current, they have 

flexibility over output voltage. In comparison to these topologies, buck topology shows high 

current ripple [156]. The buck converters are rarely used as DC-DC converters because the PV 

arrays output voltage is always less than the grid voltage. Since the array Current output from the 

converter has current pulses, to smooth the array's current, a capacitor is required. Of all the 

mentioned converters in Table 3, boost converter is the most suitable converter for PV modules 

[157]-[158]. Similarly, in the development of BESS, the efficiency of the converter in facilitating 

bidirectional energy flow is the most important factor. Among all the mentioned converters in 
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Table 3, boost converter has the most efficiency, therefore, it has been chosen for the design of 

this spacecraft [159]. 

For the PV, as shown in Figure 15, the current remains roughly constant as the voltage 

increases, up to the MPPT point. Beyond this point, the current plummets with further increases 

in voltage. For our DC-DC converter, employing a current control mode is the most appropriate 

approach to address this phenomenon, as it allows for effective management of the current drop 

after the MPPT point. This ensures improved dynamic performance and stability of the system.  

 

Figure 15. Solar panel characteristics. 

3.2. Review of Boost Converter 

High voltage step-up is necessary in several applications such as spacecraft power systems, 

especially considering that DC-DC converters must be supplied by high DC voltages. The 

conventional boost converter is able to step the input voltage up to three or four times because the 

high output voltage demands high duty cycle values, therefore this is one of the most popular 

topologies [160]-[163]. This converter leads the switch to remain on for long time intervals [164]. 

Figure 16 shows the schematic of boost converter, where L is the input inductor, C is the output 

capacitor, IL is the inductor current, Vin is the input voltage, Vout is the output voltage, the UDE 

controller is the proposed control algorithm that will be introduced in the following chapter. Then 

the state-space model of the converter can be written as the following equations [165],   
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{
𝐿
𝑑𝐼𝐿
𝑑𝑡

= 𝑉𝑖𝑛(0~𝐷𝑇𝑠)

𝐿
𝑑𝐼𝐿
𝑑𝑡

= 𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡(𝐷𝑇𝑠~𝑇𝑠)

 

(3) 

{
𝐶
𝑑𝑉𝑜𝑢𝑡
𝑑𝑡

= −𝐼𝐿𝑜𝑎𝑑(0~𝐷𝑇𝑠)

𝐶
𝑑𝑉𝑜𝑢𝑡
𝑑𝑡

= 𝐼𝐿 − 𝐼𝐿𝑜𝑎𝑑(𝐷𝑇𝑠~𝑇𝑠)

 

(4) 

where D is the duty cycle of the boost converter gate signal. Combining (3) and (4), the dynamic 

model of the boost converter can be written as [166], 

{
𝐿
𝑑𝐼𝐿
𝑑𝑡

= 𝑉𝑖𝑛 − (1 − 𝐷)𝑉𝑜𝑢𝑡

𝐶
𝑑𝑉𝑜𝑢𝑡
𝑑𝑡

= (1 − 𝐷)𝐼𝐿 − 𝐼𝐿𝑜𝑎𝑑

 

(5) 

Equation (5) shows that the converter is in non-minimum phase and nonlinear, which increases 

the design difficulty. 

  

                           (a)                   (b) 

Figure 16. Schematic of the UDE-controlled boost converter (a) Unidirectional for PV, (b) 

Bidirectional for BESS. 

3.3. Review of UDE Algorithm 

      Performance of practical control systems is worsened by disturbances and 

uncertainties. External disturbances to the environment, unmodelled dynamic and parameter 

disturbances, which have led to deterioration [167]. For the purpose of ensuring satisfactory 
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performance and stability, uncertainty and disturbances rejection is therefore one of the most 

important objectives for industrial control system design [168]. In many cases, external 

disturbance and uncertainty cannot be measured directly. The idea of disturbance observer-based 

control is to estimate the disturbance from measurable variables and compensate for the influence 

of the disturbance. During recent decades, different disturbance observer-based techniques have 

been widely studied and utilized in industrial applications [169]-[172]. One approach that has 

become popular is the use of uncertainty and disturbance estimator (UDE)-based control, which 

seeks to provide an alternative method for managing time delays by estimating a combined impact 

of disturbance and uncertainty. This aims to address the control of time delays through estimation 

of their combined effect alongside disturbances and uncertainties. UDE performance is based on 

the assumption that effective filtering can closely approximate any continuous physical signal 

[173]. UDE-assisted sliding mode controllers were studied in [174]-[176] and UDE-based robust 

input–output linearization was revealed in [177]-[178]. 

A linear system with uncertainty and disturbance can be described as, 

𝑥̇(𝑡) = (𝐴 + ∆𝐴)𝑥(𝑡) + 𝐵𝑢(𝑡) + 𝑓(𝑡) (6) 

Where u(t) is the input for the system and x(t) is the state of the system. A and B are defined 

as state matrixes, ∆A represents the unknown system matrix, and f(t) is the external disturbances. 

ud(t)=ΔAx(t)+f(t) is the impact of the disturbances and uncertainty [179]. 

The aim of UDE is to remove ud and drive the system state x(t) to follow xm(t) as a 

reference. xm(t) can be defined as, 

𝑥̇𝑚(𝑡) = 𝐴𝑚𝑥𝑚(𝑡) + 𝐵𝑚𝑟(𝑡) (7) 

Where Am and Bm are matrixes of the reference system that the actual system should track. 

Reference signal for this system is r(t). For achieving the high accuracy tracking of the reference 
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system xm(t), the tracking error is defined as e(t)=xm(t)-x(t), the dynamics of the error can be 

defined as follow: 

𝑒̇(𝑡) = 𝐴𝑚𝑒(𝑡) + 𝐾𝑒(𝑡) (8) 

Where K is the state-feedback gain and Am+K should be Hurwitz. Based on (6)-(8), the control 

law can be designed as, 

𝑢(𝑡) = 𝐵+[𝐴𝑚𝑥(𝑡) − 𝐴𝑥(𝑡) + 𝐵𝑚𝑟(𝑡) − 𝐾𝑒(𝑡) − 𝑢𝑑(𝑡)] (9) 

Uncertainty and disturbances ud(t) is usually unknown for most of the applications. In order 

to realize the control law in (9), here, an estimated uncertainty and disturbances ude(t) proposed. 

The estimate ude(t) can be written as, 

𝑢𝑑𝑒(𝑡) = 𝑔𝑓(𝑡) ∗ 𝑢𝑑(𝑡) 

       = ℒ−1{𝐺𝑓(𝑠)[𝑠𝑥(𝑠) − 𝐴𝑥(𝑠) − 𝐵𝑢(𝑠)]} 

(10) 

Where Gf is the uncertainty and disturbance filter. Within the bandwidth of Gf, the estimate ude(t) 

is almost the same as the actual disturbance ud(t). Thus, the control law in can be written as, 

𝑢(𝑡) = 𝐵+[𝐴𝑚𝑥(𝑡) − 𝐴𝑥(𝑡) + 𝐵𝑚𝑟(𝑡) − 𝐾𝑒(𝑡) − 𝑢𝑑𝑒(𝑡)] (11) 

3.4. UDE Current Control for Boost Converter MVDC  

In the proposed system, the boost converters for Solar panel and BESS are in the current 

control mode. As mentioned earlier, the boost converter model is given in (5) in non-minimal 

phase and nonlinear. To simplify the design’s complexity, a virtual control variables m can be 

introduced as follows, 

𝑚 = 1 − 𝐷  (12) 

then the boost converter model can be rewritten as, 

{
𝑑𝐼𝐿
𝑑𝑡

=
𝑉𝑖𝑛 −𝑚𝑉𝑜𝑢𝑡

𝐿
𝐼𝑜𝑢𝑡 = 𝑚𝐼𝐿

 

(13) 
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It should be noticed that the voltage dynamics of the boost converter are ignored here since 

the boost converter is working in the current control mode, i.e., the voltage is not controlled by the 

boost converter. Moreover, as (13) shows, the boost converter model is a nonlinear and 

nonminimal phase system. It should be noted that large-signal analysis is not pursued in this 

context due to its inherent complexity and nonlinearity, which makes controller design and system 

analysis significantly more challenging without providing additional benefits for typical operating 

conditions. In order to simplify the controller design, here the small signal model of the Boost 

converter is derived as follows: 

𝐼(𝑜𝑢𝑡,0) + ∆𝐼𝑜𝑢𝑡 = (𝑚0 + ∆𝑚)(𝐼𝐿0 + ∆𝐼𝐿) (14) 

where Iout,0=m0IL0 is the steady-state output current of the boost converter, m0 and IL0 are the 

steady-state operation points, ΔIout, Δm, and ΔIL are the small signal items of Iout, m, and IL 

respectively. Ignoring the high order term, the small signal model of the boost converter can be 

simplified as, 

∆𝐼𝑜𝑢𝑡 = 𝐼𝐿0∆𝑚 + ∆𝐼𝐿𝑚0 (15) 

In the steady-state of the boost converter, we have and, based on (13) and (15), the small 

signal transfer function of the boost converter can be written as [180], 

∆𝐼𝑜𝑢𝑡(𝑠)

∆𝑚(𝑠)
=
𝑠
𝑉𝑜𝑢𝑡
𝑉𝑖𝑛

𝐿𝐼𝑜𝑢𝑡,0 − 𝑉𝑖𝑛

𝑠𝐿
 

(16) 

without losing generality, assuming Iout,0=0, and the linearized boost converter model can be 

written as, 

𝑑𝐼𝑜𝑢𝑡
𝑑𝑡

=
−𝑉𝑖𝑛
𝐿

𝑚 + 𝑓 
(17) 

where f is the system disturbance. In order to achieve the current tracking, here a reference system 

is defined as follows, 
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𝑑𝐼𝑚
𝑑𝑡

= −𝛼𝐼𝑚 + 𝛼𝐼𝑐𝑚𝑑 
(18) 

where Im is the reference current that Iout should track, Icmd is the command current, and α is the 

desired bandwidth of the current tracking loop. The current tracking error can be defined as e=Im-

Iout and it satisfies (15), 

𝑑𝑒

𝑑𝑡
= −𝛼𝑒 − 𝑘𝑒 

(19) 

where k is the proportional gain that can speed up the error convergence. Then the tracking error 

can be rewritten as, 

𝑑𝐼𝑚
𝑑𝑡

−
𝑑𝐼𝑜𝑢𝑡
𝑑𝑡

= −𝛼𝐼𝑚 + 𝛼𝐼𝑐𝑚𝑑 +
𝑉𝑖𝑛
𝐿 𝑚 − 𝑓

= −𝛼𝑒 − 𝑘𝑒             
 

(20) 

Based on (20), the control law m should satisfy, 

𝑚 =
𝐿

𝑉𝑖𝑛
(𝛼𝐼𝑚 − 𝛼𝐼𝑐𝑚𝑑 − 𝛼𝑒 − 𝑘𝑒 + 𝑓) 

(21) 

in (21), f is unknown disturbance, which can be written as, 

𝑓 =
𝑑𝐼𝑜𝑢𝑡
𝑑𝑡

+
𝑉𝑖𝑛
𝐿
𝑚 

(22) 

Based on the UDE law, the disturbance could be estimated as follows, 

𝑓𝑒𝑠𝑡 = (
𝑑𝐼𝑜𝑢𝑡
𝑑𝑡

+
𝑉𝑖𝑛
𝐿
𝑚) ∗ 𝐺𝑓 

(23) 

Thus, the UDE-based current controller for the boost converter can be written as, 

𝑚 =
𝐿

𝑉𝑖𝑛
(𝐼𝑚 − 𝐼𝑐𝑚𝑑 − 𝛼𝑒 − 𝑘𝑒 + 𝑓𝑒𝑠𝑡) 

(24) 

3.5. Simulation Studies 

In order to validate the effectiveness of the proposed UDE control algorithms for the 

current mode boost converters, simulation studies have been conducted. The controllers used in 

simulations follow the design given in Section 3.4 respectively. Figure 17 shows the control 
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performance of the boost converter under the proposed control when the state-feedback control is 

enabled, and the disturbance estimation filter is set as 0, i.e., Gf=0. As it is indicated in the figure 

the state-feedback control can provide satisfactory dynamic voltage tracking performance when 

the disturbance estimation filter is not enabled. However, the state-feedback control cannot 

effectively reject the system uncertainty and disturbance, and thus, the voltage tracking steady-

state error Ess is not zero, which is about 38 A. 

 

Figure 17. Current mode boost converter tracking performance under the UDE controller while 

the reference system bandwidth is 200 Hz, Gf = 0. 

Figure 18 demonstrates the precision of the control systems in the condition when both the 

state-feedback control and disturbance estimator filter for boost UDE controller are enabled while 

the bandwidth of Gf is 200 Hz. This suggests that the proposed disturbance and uncertainty 

estimation filter Gf   provides a satisfactory disturbance estimate and eliminates the current tracking 

steady-state error. The current is maintained withing a range of 0.67 % around the commanded 

current under load changes. The control system consistently meets the reference current without 

persistent deviation. The zero steady-state error indicates the ability of the controller to maintain 
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accuracy and stability in the long-term. In practice, the circuit parameters always have tolerances. 

A robust controller should be able to maintain the system stability and track the desired 

performance under these permutations. Under a condition when the circuit parameters have ±20% 

error while the bandwidth of Gf  is 200 Hz, it can be seen from Figure 19 that the dynamic voltage 

tracking can still estimate the disturbance effectively and achieve the precise regulation. It can be 

seen that the parameter tolerance results in higher transient tracking error. However, the proposed 

control scheme is still able to eliminate the steady-state tracking error. 

 

Figure 18. Current mode boost converter tracking performance under the UDE controller while 

the reference system bandwidth is 200 Hz and Gf = 200 Hz. 
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Figure 19. Current mode boost converter tracking performance under the UDE controller while 

the reference system bandwidth is 200 Hz and Gf is 200 Hz when the circuit parameters have 

±20% error. 

The proposed scheme is capable of actively estimating and compensating for system 

uncertainties and disturbances that are occurring with the boost converters, thereby enhancing the 

control performance and robustness of the system. Simulation studies have verified the 

effectiveness of the proposed schemes. 
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4. ISOLATED DC-DC CONVERTER CONTROL FOR PROPULSION SYSTEM 

4.1. SAB and DAB Overview 

Recently due to the high performance of isolated DC-DC converters, they are becoming 

more popular. Their main features include galvanic isolation, compact structure and high 

efficiency [181]-[184]. The most common converters are single active bridge (SAB) and dual 

active bridge (DAB). Resonant DC-DC converters like capacitor-inductor-inductor-capacitor 

(CLLC), inductor-inductor-capacitor (LLC) and inductor-capacitor (LC) are also commonly used 

due to their soft switching and better efficiency feature [185]-[186]. Figure 20 shows the general 

schematic of an isolated DC-DC converter. Bridge 1 is an active type and is used in all the types 

of DC-DC converters. While bridge 2 can be different types; for the DAB converters, it is of the 

active type and the bridge sides consists of controlled switches. However, for SAB, it is a passive 

type and bridge sides are composed of diodes. In Figure 20 includes, beside the bridges: (i) the 

capacitor (C0), which filters the output voltage V0, (ii) the inductor (L), which is the total leakage 

inductance of the isolation transformer, and (iii) the resistor (R), which describes the load. 

 

Figure 20. General structure of an isolated DC-DC converter. 

For applications where unidirectional power transfer and lower power density is required, 

SAB could be suitable. SAB converter constitutes the inductor at the output. This converter has a 

unity voltage conversion ratio, as the inductor is bulky, it can operate in continuous current mode. 

The inductor and capacitor of the diode rectifier can generate a surge voltage; therefore, high 

voltage diodes must be used as the diode rectifier [187]. However, authors in [188]-[189] have 

suppressed the voltage surge by using an auxiliary circuit. By moving the inductor to the primary 

Bridge 1

n1:n2L

Bridge 2 C0 v0 R
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side of the converter, inductance can be reduced by a factor of the square of the transformer turn-

ratio. 

Bridge 2 of the SAB only consists of diodes; therefore, it is the simplest converter among 

the isolated unidirectional converters. This bridge configuration decreases the cost and volume of 

DC-DC converter, and it can be used in a series connection to obtain a DC-DC converter with a 

medium-voltage rating. Authors in [190]-[192] did a comprehensive review of SAB converters 

with focus on half-bridge (HB) or full-bridge (FB) input. Author in [191] studied the dynamics 

and basic working principle of an HB SAB converter. While author in [193] analyzed the switching 

losses of the transistors of an FB SAB converter by implementing a dual-current phase control. 

Authors in [194] proposed a partial-resonant FB SAB converter in order to reduce the transistor 

conduction losses. The behavior of FB SAB converter with a voltage doubler by the influence of 

transformer turns ratio and leakage inductance has been studied in [195], where two capacitors 

have been replaced by one leg of the bridge 2 diode rectifiers. The design criteria and soft-

switching capabilities of an FB SAB converters are compared to those of the DAB converters 

respectively in, [196]-[198].  

As shown in Figure 21, SAB converter consists of two bridges coupled through a 

transformer. The primary-side bridge is an active type of bridge that is powered by the DC voltage 

Vin. It functions as an inverter and generates the AC high-frequency voltage v1 at its output. 

Transistors can be MOSFET or IGBT for medium-high-power applications. The secondary-side 

bridge of the SAB converter is a passive bridge that is powered by voltage v2 at the isolation 

transformer’s secondary. The secondary bridge functions as a rectifier and the output voltage of 

the SAB converter Vout. 
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Figure 21. SAB converter schematic. 

SAB converter can be operated in the continuous conduction mode (CCM). Figure 22 

indicates the waveforms of voltages (v1 and v2) and output current (Iout), as a function of the angular 

quantity θ. The phase-shift angle of the two transistors on the same side ranges from 0<α<π. By 

analyzing the waveforms, odd symmetrical property with respect to π can be noticed. 

 

Figure 22. Voltages and currents waveforms of the SAB converter operating in CCM. 

Among other isolated DC-DC converters, the Dual-Active Bridge (DAB) has gained a 

numerous attention recently, due to the improvement of new power devices and magnetic materials 

(especially the development of gallium-nitride (GaN) and silicon carbide (SiC) based power 

devices and nanocrystalline soft magnetic). This improvement reduced the bulkiness and heaviness 

of line–frequency (LF) transformers from PCSs [199]-[201]. PCSs utilize LF transformers to 

achieve galvanic isolation and voltage matching. 
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Nowadays, the utilization of HF transformers in place of traditional LF transformers is 

considered. High-frequency-link (HFL) PCSs based on HF transformers can attenuate the voltage 

and current waveform distortion which is made by the core saturation of LF transformers. HF-PCS 

noise is reduced compared to LF-PCS [198]. In numerous studies of HF-PCSs, isolated 

bidirectional DC-DC converters (IBDCs) are mainly considered in the power electronics circuit. 

The simplest IBDC topology is a dual-switch structure, such as: dual-flyback IBDC, dual-Cuk 

IBDC, and Zeta-Sepic IBDC [199]-[202]. The model of six-switch topology is half-full-bridge 

IBDC [203]. Eight-switch topology is mainly dual-active-bridge IBDC (DAB-IBDC) [204]-[206].  

When the rated voltage and current of switches are the same, the transmission power of 

IBDC is proportional to the number of switches. For instance, four-switch IBDC has double 

switches compared to two-switch IBDC, but half of the eight-switch IBDC. Therefore, the DAB–

IBDC has the biggest power capacity among others. From a filtering perspective, the output 

pulsation frequency for a forward converter is equal to the switching frequency, while for push-

pull, half-bridge, and full-bridge converters, it is twice the switching frequency. Therefore, for the 

same output voltage, the filter required for a DAB-IBDC converter is also smaller. In fact, DAB 

converters were proposed in the early 1990s [207]-[209].  

One of the main features of the DAB is the ease of soft-switching, bidirectional power 

transfer capability, and symmetric structure, etc. Comprehensive analyses of the design, operation 

and control of DAB in steady state were investigated in [204], [206].  In [210], boundary control 

scheme has been introduced while utilizing the natural switching surface. The short-time-scale 

transient processes with phase shift control has been studied in [211]. In [212], the design and 

performance of a 6 kW DAB converter to charge a Li-Ion BESS has been analyzed. The maximum 
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efficiency of the DC-DC converter is measured to be 96% and an analysis of the effect of 

unavoidable dc-bias current on the magnetic-flux saturations of the transformer has been studied.   

As depicted in Figure 23, the basic design of a DAB converter includes two full-bridge 

converters, power MOSFETs labeled S1 through S8, a transformer's leakage L, which may also 

incorporate an additional external inductor, a high frequency (HF) transformer with a turns ratio 

denoted by n, an input voltage (Vin) an output of C, RL, and the output voltage (Vout) and current 

(Iout) [213]-[214].  The HF transformer provides the required galvanic isolation and voltage 

matching between two voltage levels. The auxiliary inductor is recognized as an instantaneous 

energy storage device. 

 

Figure 23. DAB converter schematic. 

 Figure 24 indicates the power transmission control in traditional ac power systems. By 

adjusting the magnitude and direction of the inductor current iL, the phase shift between ac output 

square wave voltage vh1 and vh2 of primary and secondary side bridge can be achieved. Similar to 

the traditional systems, the same approach can be done for DAB converters. The difference is that 

the voltages in both sides of the inductor in traditional ac power system are line-frequency 

sinusoidal waves and in DAB-IBDC are high-frequency square waves. The transmission power of 

the traditional ac power system and of DAB can be calculated as, 
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{
 

 𝑃𝑠𝑖𝑛 =
𝑉𝑟𝑚𝑠1𝑉𝑟𝑚𝑠2
2𝜋𝑓𝑠𝐿

𝑠𝑖𝑛𝜃

𝑃𝑠𝑞𝑢𝑎𝑟𝑒 =
𝑛𝑉1𝑉2
2𝜋2𝑓𝑠𝐿

𝜃(𝜋 − 𝜃)

 

(25) 

Where Vrms1 and Vrms2 are the root mean square (RMS) of sinusoidal waves and θ is the 

phase shift between ac voltages. The power density and modularity improve significantly because 

of HF power transmission. Therefore, DAB is the main core of HFL-PCSs. 

 

Figure 24. Traditional AC power system vs. DAB. 

4.2. SAB Converter Control for Propulsion System 

In the proposed MV Figure 14, a SAB DC-DC is one of the options that can be used as a 

power processing unit for the electric thruster, which can offer unidirectional power flow and low 

cost. Figure 25 shows the six equivalent circuit that characterize the converter in the continuous 

conduction mode (CCM) mode of operation. The inductor current (iL) can be measured in all cases 

by applying Faraday’s law.  

• Cycle (t0, t1) has shown in Figure 25(a), where the semiconductor conducting the current 

are DS1, DS4, D6 and D7. Then iL would be: 

L
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𝑖𝐿 =
1

𝐿
(𝑉𝑖𝑛 +

𝑉𝑜𝑢𝑡
𝑛
) (𝑡 − 𝑡0) + 𝑖𝐿0 

(26) 

Where iL0 is the inductor current at the start of this cycle and DS is the diode of primary 

side switches. When iL reaches zero at t1 this cycle ends. 

• Cycle (t1, t2) has shown in Figure 25(b), where the semiconductors conducting the currents 

are S1, S4, D5, and D8. Then iL would be: 

𝑖𝐿 =
1

𝐿
(𝑉𝑖𝑛 −

𝑉𝑜𝑢𝑡
𝑛
) (𝑡 − 𝑡1) 

(27) 

• Cycle (t2, t3) has shown in Figure 25(c), where the semiconductors conducting the currents 

are DS2, S4, D5, and D8. Then iL would be: 

𝑖𝐿 = −
1

𝐿
(
𝑉𝑜𝑢𝑡
𝑛
) (𝑡 − 𝑡2) + 𝑖𝐿2 

(28) 

• Cycle (t3, t4) has shown in Figure 25(d), where the semiconductors conducting the currents 

are DS2, DS3, D5, and D8. Then iL would be: 

𝑖𝐿 =
1

𝐿
(𝑉𝑖𝑛 +

𝑉𝑜𝑢𝑡
𝑛
) (𝑡 − 𝑡3) + 𝑖𝐿3 

(29) 

• Cycle (t4, t5) has shown in Figure 25(e), where the semiconductors conducting the currents 

are S2, S3, D6, and D7. Then iL would be: 

𝑖𝐿 =
1

𝐿
(𝑉𝑖𝑛 +

𝑉𝑜𝑢𝑡
𝑛
) (𝑡 − 𝑡4) 

(30) 

• Cycle (t5, t6) has shown in Figure 25(f), where the semiconductors conducting the currents 

are DS1, S3, D6, and D7. Then iL would be: 

𝑖𝐿 =
1

𝐿
(
𝑉𝑜𝑢𝑡
𝑛
) (𝑡 − 𝑡5) + 𝑖𝐿5 

(31) 
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(a) (b) 

  

(c) (d) 

 

(e) (f) 

Figure 25. Different operation mode of SAB converter in CCM. (a) cycle (t0,t1), (b) cycle (t1,t2), 

(c) cycle (t2,t3), (d) cycle (t3,t4), (e) cycle (t4,t5), (f) cycle (t5,t6). 

The SAB converters have high output impedance operating in CCM [194]. This behavior 

is the opposite of the most DC-DC converters in CCM. This is because the inductor is placed on 

the AC side of the converter and not at the output of the rectifier. Figure 26 shows the inductor in 

CCM for the SAB converter. 

 

Figure 26. Inductor current in CCM. 

Figure 27 shows the SAB converter current tracking performance under the traditional 

proportional-integral (PI) controller, where Im is the current reference, Iout is the converter output 

current, and Ess is the steady-state current tracking error. It can be seen that the with a properly 
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designed PI controller, the SAB converter can track the current command and provide a 

satisfactory current tracking performance with zero steady-state error.  

 

Figure 27. SAB converter current tracking performance. 

4.3. DAB Converter Control for Propulsion System 

In the proposed MV Figure 14, a DAB DC-DC is one of the options that can be used as a 

power processing unit for the electric thruster, which offers high efficiency, high power-density, 

soft-switching, modular and symmetric structure, and controllability [201]. As depicted in Figure 

29, the basic design of a DAB converter includes two full-bridge converters, power MOSFETs 

labeled S1 through S8, a transformer's leakage L, which may also incorporate an additional external 

inductor, and a HF transformer with a turn ratio denoted by n [199]-[201]. The DAB converter 

gets a fixed input voltage from the MVDC bus, which is presented by Vbus in Figure 29, and the 

output current Ithrust is used to drive the electric thruster.  

The output current, and hence power of the DAB converter is adjusted by a phase-shift 

modulation. Figure 28 shows the gate signal S1 - S8, transformer voltages V1 (input) and V2 (output), 

and the transformer current (IL) under the phase-shift control. In the phase-shift control, the duty 
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cycle of all switches is fixed as 50% [201]. A phase-shift angle D is inserted between the two full-

bridge converters switching periods, as shown in Figure 29, where Ths is the half of the switching 

period. By changing the phase-shift angle, the transformer terminal voltages V1 and V2 are 

controlled, and thus, the transformer current IL is controlled. 

S1

S2 S4

S5

S6

S7

S8

n1:n2L

Phase-Shift 
Modulation

Pref UDE 
Controller 

Vbus

=1000 v

Vthrust

Vbus

Ithrust

S1-S8

Electric 
Thruster

Ithrust

S3

V1  

IL

VL

V2 

 

Figure 28. The block diagram of the UDE controlled DAB converters. 

In one switching cycle of the phase-shift modulation, there are four switching phases, and 

in each phase different switches are turned on and different voltages will be applied on the 

transformer as Figure 29 shows. A detailed description of different switching phases is given as 

follows. 

• In Phase 1, switches S1, S4, S6, and S7 are turned on, while all other switches are off. It 

can be seen from the circuit shown in Figure 28 that the transformer voltage is V1=Vbus 

and V2=-Vthrust, and thus, the transformer leakage inductor voltage VL = Vbus + Vthrust. 

• In Phase 2, switches S1, S4, S5, and S8 are turned on, while all other switches are off. 

The transformer voltage is V1=Vbus and V2=Vthrust, hence VL = Vbus -Vthrust. 

• In Phase 3, switches S2, S3, S5, and S8 are turned on, while all other switches are off. 

The transformer voltage is V1=-Vbus and V2=Vthrust, thus VL = -Vbus -Vthrust. 
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• In Phase 4, switches S2, S3, S6, and S7 are turned on, while all other switches are off. 

The transformer voltage is V1=-Vbus and V2=-Vthrust, and thus VL = -Vbus + Vthrust. 

It can be seen from the switch phase analysis that different voltages will be applied on the 

transformer at different phases. The transformer current (IL) rises during Phase 1 and phase 2 due 

to positive voltage across its inductor and it is reduced in Phase 3 and Phase 4 as the inductor 

voltage polarity is reversed; this process will repeat in each switching cycle. The DAB converter 

output power thus can be calculated based on the transformer voltage and current, i.e.,  

𝑃 = ∫ (𝑉𝐿 × 𝐼𝐿)𝑑𝑡
2𝑇ℎ𝑠
0

= ∫ [(𝑉𝑏𝑢𝑠 + 𝑉𝑡ℎ𝑟𝑢𝑠𝑡)𝐼𝐿]𝑑𝑡
𝐷𝑇ℎ𝑠
0

+ ∫ [(𝑉𝑏𝑢𝑠 − 𝑉𝑡ℎ𝑟𝑢𝑠𝑡)𝐼𝐿]𝑑𝑡
2𝑇ℎ𝑠
𝐷𝑇ℎ𝑠

+∫ [(−𝑉𝑏𝑢𝑠 − 𝑉𝑡ℎ𝑟𝑢𝑠𝑡)𝐼𝐿]𝑑𝑡
(𝐷+1)𝑇ℎ𝑠
𝑇ℎ𝑠

+ ∫ [(−𝑉𝑏𝑢𝑠 + 𝑉𝑡ℎ𝑟𝑢𝑠𝑡)𝐼𝐿]𝑑𝑡
2𝑇ℎ𝑠
(𝐷+1)𝑇ℎ𝑠

 

(32) 

at different switch phases, the transformer current satisfies, 

𝐿
𝑑𝐼𝐿(𝑡)
𝑑𝑡

= 𝑉𝐿

𝑑𝐼𝐿(𝑡)
𝑑𝑡

=

{
  
 

  
 

𝑉𝑏𝑢𝑠 + 𝑉𝑡ℎ𝑟𝑢𝑠𝑡
𝐿 , 0 ≤  𝑡 ≤ 𝐷𝑇ℎ𝑠 (Phase 1)

𝑉𝑏𝑢𝑠 − 𝑉𝑡ℎ𝑟𝑢𝑠𝑡
𝐿 , 𝐷𝑇ℎ𝑠 ≤  𝑡 ≤ 𝑇ℎ𝑠 (Phase 2)

−𝑉𝑏𝑢𝑠 − 𝑉𝑡ℎ𝑟𝑢𝑠𝑡
𝐿 , 𝑇ℎ𝑠 ≤  𝑡 ≤ (𝐷 + 1)𝑇ℎ𝑠 (Phase 3)

−𝑉𝑏𝑢𝑠 + 𝑉𝑡ℎ𝑟𝑢𝑠𝑡
𝐿 , (𝐷 + 1)𝑇ℎ𝑠 ≤  𝑡 ≤ 2𝑇ℎ𝑠 (Phase 4)

 

(33) 

Combining (32) and (33), the DAB converter output power under the phase-shift control is,  

𝑃 =
𝑛𝑉𝑏𝑢𝑠𝑉𝑡ℎ𝑟𝑢𝑠𝑡

2𝐹𝑠𝐿
𝐷(1 − 𝐷) 

(34) 

where Fs=1/(2Ths) is the switching frequency of the DAB converter. 
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Figure 29. SPS modulation on the DAB converter.   

In the spacecraft MVDC scheme, Figure 14, the DAB converter output current is regulated 

by a proposed UDE controller. Referring to Figure 29, based on a current reference Icmd, set by the 

spacecraft propulsion system, the electrical thruster voltage Vthrust, input voltage Vbus, and output 

current Ithrust, the UDE controller generates a power reference, Pref, and passes this on to the phase-

shift modulation block. Based on (34), the converter output power can be adjusted through 

changing the phase-shift angle D. In order to track the reference power, i.e. to control the converter 

output power follow the reference power, the required phase-shift angle D can be calculated as, 

𝐷 =

1 − √1 −
8𝐹𝑠𝐿𝑃𝑟𝑒𝑓

(𝑛𝑉𝑏𝑢𝑠𝑉𝑡ℎ𝑟𝑢𝑠𝑡)

2
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As mentioned earlier, the UDE controller will achieve the output current tracking and reject 

disturbance through adjusting the reference power Pref. According to principles of electrical 

circuits, the output power is governed by, 

𝑃𝑟𝑒𝑓 = 𝑉𝑡ℎ𝑟𝑢𝑠𝑡𝐼𝑡ℎ𝑟𝑢𝑠𝑡 + 𝑓 (36) 

where f is the system uncertainty and disturbance. Based on (36), the converter output current 

can be written as, 

𝐼𝑡ℎ𝑟𝑢𝑠𝑡 =
𝑃𝑟𝑒𝑓 − 𝑓

𝑉𝑡ℎ𝑟𝑢𝑠𝑡
 

(37) 

In order to let the output current track the command current, i.e., Ithrust=Icmd, the reference power 

should satisfy, 

𝑃𝑟𝑒𝑓 = 𝑉𝑡ℎ𝑟𝑢𝑠𝑡𝐼𝑐𝑚𝑑 + 𝑓 (38) 

The system disturbance can be represented by,  

𝑓 = 𝑃𝑟𝑒𝑓 − (𝑉𝑡ℎ𝑟𝑢𝑠𝑡𝐼𝑡ℎ𝑟𝑢𝑠𝑡) (39) 

Similar to the boost converter disturbance estimation, the DAB converter disturbance is 

estimated as,   

𝑓𝑒𝑠𝑡 = 𝐺𝑓 (𝑃𝑟𝑒𝑓 − (𝑉𝑡ℎ𝑟𝑢𝑠𝑡𝐼𝑡ℎ𝑟𝑢𝑠𝑡)) (40) 

Within the bandwidth of Gf,   

𝑓𝑒𝑠𝑡 = 𝐺𝑓 . 𝑓 ≈ 𝑓 (41) 

Thus, the UDE-based DAB converter current controller is derived as, 

𝑃𝑟𝑒𝑓 = 𝑉𝑡ℎ𝑟𝑢𝑠𝑡𝐼𝑐𝑚𝑑 + 𝑓𝑒𝑠𝑡 (42) 

Figure 30 shows the control performance of the DAB converter. The DAB converter is 

used to drive the electrical thruster. The DAB converter output current should track the current 

command. The current tracking performance when the disturbance estimation filter Gf is zero 
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and only the state-feedback control is enabled has been indicated in the figure. It can be seen that 

the steady-state tracking error of the DAB current control is not zero due to system uncertainty 

and disturbances. 

 

Figure 30. Current mode DAB converter tracking performance under the UDE controller while 

the reference system bandwidth is 200 Hz with no disturbance estimation filter. 

After implementing the filter Gf, as Figure 31 depicts, the disturbance and uncertainty can 

be effectively attenuated, and the steady-state current tracking error is zero. Also, it can be seen 

from the figure that the tracking error converge within 3ms, which suggested satisfactory transient 

performance as well. 
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Figure 31. Current mode DAB converter tracking performance under the UDE controller while 

the reference system bandwidth is 200 Hz and Gf is 200 Hz when the circuit parameters are 

accurate. 

Similar to the simulation of the boost converter, the circuit parameter uncertainty must be 

considered in real applications. Figures 32(a) and 32(b) demonstrate that the proposed control 

scheme can maintain satisfactory control performance even under ±20% parameter uncertainty. It 

can be seen that the proposed UDE control scheme can maintain the system stability and robustness 

even under large system uncertainties. Overall, both the boost converter simulation and the DAB 

converter simulation have demonstrated the effectiveness of the proposed schemes. 
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(a) 

 

(b) 

Figure 32. Current mode DAB converter tracking performance under the UDE controller while the 

reference system bandwidth is 200 Hz. (a) Bandwidth of Gf is 200 Hz when the circuit parameters 

have +20% error; and (b) Bandwidth of Gf is 200 Hz when the circuit parameters have -20% error. 
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5. CONCLUSION AND FUTURE WORK 

In this work, a MVDC system with MW-scale spacecraft power and propulsion for Mars 

mission is proposed. The proposed MVDC system contains an NEP to provide heat source to the 

PM generator for electricity production, a PV source, and a BESS as a backup energy source. In 

order to achieve the power transmission among those energy sources, boost converters and isolated 

DC-DC converter are implemented in the proposed MVDC system.  

The PV panels were interfaced to the MVDC bus using a unidirectional boost DC-DC 

converter. The rationale behind this choice is that solar panels typically only need to supply power 

to the system and do not require the capability to absorb power. The unidirectional converter 

efficiently converts the variable output voltage of the PV panels to the higher, stable voltage level 

required by the MVDC bus, optimizing the utilization of solar energy. By using a unidirectional 

converter for the PV panels, the system complexity and cost are reduced while still ensuring that 

the solar energy is effectively harnessed to support the spacecraft's power needs. On the other 

hand, for the BESS, a bidirectional DC-DC boost converter was selected to facilitate the seamless 

flow of energy in both directions. This bidirectionality is essential for the BESS, as it allows the 

battery to not only supply power to the spacecraft's low-voltage power system and payload when 

needed but also to be recharged from the MVDC bus when excess energy is available. This dual 

functionality ensures that the BESS can effectively act as a backup power source, enhancing the 

overall reliability and flexibility of the spacecraft's power system. 

 The MVDC system stability and robustness can be impacted by system disturbance and 

uncertainty. To enhance the system performance, UDE based current control schemes are proposed 

for the boost converters. The proposed scheme is capable of actively estimating and compensating 

for system uncertainties and disturbances, thereby enhancing the control performance and 
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robustness of the system. The control system consistently meets the reference current without 

persistent deviation. The zero steady state error indicates the ability of the controller to maintain 

accuracy and stability in the long-term. 

In the analysis of the isolated DC-DC converters for the spacecraft's power architecture, 

both the SAB and DAB converters were evaluated for their performance in connecting to the 

electric thrusters. The SAB converter, controlled by a PI controller, demonstrated satisfactory 

current tracking performance. With a properly designed PI controller, the SAB converter was able 

to track the current reference accurately, providing zero steady-state error and ensuring efficient 

power transfer to the thrusters.  

The DAB converter, equipped with the proposed UDE control scheme, exhibited robust 

performance under significant parameter uncertainties. The UDE control scheme successfully 

maintained system stability and robustness, even under ±20% parameter variations, highlighting 

its effectiveness in handling large system uncertainties. 

The analysis of the isolated DC-DC converters for the spacecraft's power architecture has 

demonstrated the distinct advantages of both the SAB and DAB converters. The SAB converter, 

with its satisfactory current tracking capability, provides a cost-effective solution for the power 

management system, particularly suitable for applications where budget constraints are a primary 

concern. Whereas, the DAB converter, with its robust performance under uncertainties and its 

ability to control power flow bidirectionally, offers a versatile solution for feeding DC/AC loads 

under conditions when power availability is limited. Additionally, the DAB converter's capability 

to provide higher power density makes it an attractive option for scenarios requiring compact and 

efficient power conversion. 
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Future research could build on the current work by delving deeper into the causes of high-

frequency oscillations within MVDC systems. The aim would be to develop more advanced 

estimation and control schemes that go beyond disturbance rejection and target the mitigation of 

such oscillations. Analyzing the frequency response of the system impedances in greater detail 

could provide new insights into resonance phenomena and their impact on system stability. 

While this thesis focused on the small-signal analysis for controller design, subsequent 

studies could extend to include large-signal analysis. This expansion would allow for a 

comprehensive understanding of the boost converter's behavior under a wide range of operating 

conditions, including startup, shutdown, and extreme variations in load and input conditions. 

Investigating different converter topologies used for low power applications presents a 

significant opportunity for the future work of the large spacecraft power system. This work could 

focus on optimizing converter design for efficiency and size, particularly for applications where 

space and weight are critical constraints. 

Building upon the foundation laid by this thesis, the suggested areas for future work 

promise to advance our understanding and capabilities in spacecraft power systems, paving the 

way for more resilient, and efficient energy management in the ever-evolving field of space 

exploration. 
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APPENDIX. ISS 

Table A1. ISS components 

Module  Length Module Length 

Zarya 12.8 m Node 2  6.1 m 

Unity 5.5 m Columbus 6.9 m 

Zveda 13.1 m Experiments 

Logistics Module 

(ELM) Pressurized 

Section (PS) 

3.9 m  

Z1 truss 4.6 m Soyuz  7 m 

P6 Truss   18.3 m Dextre 3.5 m 

Solar Array 73.2 m Kibo 11.2 m 

Destiny 8.5 m S6 Truss 13.7 m 

Canadarm 2 16.9 m ELM Exposed 

Section 

4.9 m 

Quest Airlock 5.5 m Kibo Exposed 

Facility 

5.6 m 

Pirs Airlock 4.9 m Russian multi-

purpose laboratory 

module 

12.8 m 

S0 Truss/ Mobile 

Transporter 

13.4 m Node 3  6.1 m 

Mobile Base 5.8 m Cupola 3 m 

S1 Truss 13.7 m Russian research 

module 

12.8 m 

P1 Truss 13.7 m Progress 7.4 m 

P3/P4 Truss 13.7 m            S5 Truss 3.3 m 

P5 Truss 3.3 m        S3/S4 Truss 13.7 m 

Note: These components have been launched from 1998-2009. 
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Table A2. ISS Loads 

Load 
Ch1 Net Power 

(W) 

Ch2 Net Power 

(W) 

Ch3 Net Power 

(W) 

Ch4 Net Power 

(W) 

Fan 1605 1605 535 1070 

Battery Unit 1 6645 6645   

Atmosphere 

Controller 
1200 1200   

Crew System 575 575   

Control System 820 820   

Communications 470 470   

Main Computer 385 385   

Robotic 

Workstation 
8950 8950   

Canadian 

Robotic Arm 
3210 3210   

Air Pump 1150 1150   

Lightning Bank 

1 
1080 1080   

Battery Unit 2   6645 6645 

Lightning Bank 

2 
  720 460 

Experiment US 

1 
  4250  

Experiment US 

2 
   2275 

Experiment US 

3 
  2715  

Experiment US 

4 
   2260 

Note: Ch stands for ISS channels. 


