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Abstract: This paper introduces a medium voltage direct-current (MVDC) system for large spacecraft
megawatt-scale (MW) power and propulsion systems intended for interplanetary transport, including
missions to the Moon and Mars. The proposed MVDC system includes: (i) A nuclear electric
propulsion (NEP) that powers a permanent magnet (PM) generator whose output is rectified and
connected to the MVDC bus. (ii) A solar photovoltaic (PV) source that is interfaced to the MVDC
bus using a unidirectional boost DC-DC converter. (iii) A backup battery energy storage system
(BESS) that connects to the MVDC bus using a bidirectional DC-DC boost converter. (iv) A dual
active bridge (DAB) converter that controls the power to the spacecraft’s electric thruster. The NEP
serves as the main power source for the spacecraft’s electric thruster, while the solar PV and BESS are
intended to provide power for the payload and spacecraft’s low-voltage power system. The paper will
(i) provide a review of the spacecraft MVDC power and prolusion system highlighting state-of-the-art
main components, (ii) address the control of boost converters for the PV and BESS sources and the
DAB converter for the thruster, and (iii) propose an uncertainty and disturbance estimator (UDE)
concept based on current control algorithms to mitigate MVDC instability due to unpredictable
factors and external disruptions. The proposed UDE can actively estimate and compensate for the
system disturbance and uncertainty in real time, and thus, both the system tracking performance and
robustness can be improved. Simulation studies have been conducted to substantiate the efficacy of
the proposed schemes.

Keywords: boost converter; dual active bridge (DAB) converter; electric propulsion (EP); Mars;
Moon; MVDC; spacecraft; spacecraft propulsion; solar photovoltaic (PV); uncertainty and disturbance
estimator (UDE) current control

1. Introduction
1.1. Spacecraft Electric Propulsion

The prospect of interplanetary travel, particularly the ambitious goal of human mis-
sions to Mars, stands as one of the most exhilarating and significant challenges in modern
space exploration [1-3]. 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 com-
prehensive understanding and development of power and propulsion systems suitable
for such monumental undertakings, offering valuable insights into the challenges and
potential solutions. However, these studies predominantly concentrate on small spacecraft,
focusing on the nuances of short-term missions. This focus, although crucial in advancing
our understanding of space travel, does not fully address the complex and multifaceted
requirements of a manned mission to Mars. Specifically, the development and integration
of robust, high-efficiency power systems capable of supporting interplanetary journeys
have not been thoroughly explored [8]. Spacecraft have several major subsystems, and
all these parts themselves have backups in case of failure to ensure that the missions will
succeed. Propulsion systems are responsible for generating thrust to propel the spacecraft
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through space [9]. The improvement of electric propulsion (EP) systems has been drawn
since the 1960s when plasma sources capable of producing significant current were first
created [10]. 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 [11]. 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 [12,13]. 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.
The main disadvantage lies in the current limitations of power supply, resulting in rela-
tively 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 spacecraft [12,13]. Authors in [14,15] discussed the EP technology covering
the flight experience, operational characteristics, and spacecraft interactions. The plasma
thrusters for space travel have been discussed in [16,17], while the authors in [18-20] dis-
cussed the fundamentals of EP operation and compared different concepts. There has been
a growing interest in this area, i.e., megawatt (MW)-scale EPs for in-space applications, es-
pecially in the case of large-scale longer-term missions, such as interplanetary transport [21].
Among the technologies being explored for MW-scale EPs are Hall effect thrusters, ion
thrusters, and magneto plasma dynamic (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 and station keep-
ing. The authors in [22] compared different EP thrusters for small spacecraft, where they
are classified into electrothermal, electrostatic, and electromagnetic accelerations [23-30].
Authors in [23] concentrated on the preliminary design of a 50 mN RESISTOJET propulsion
system that operates at low pressure and uses a two-phase high-density propellant. The
work in [24] focuses on developing a green propellant for CubeSats, addressing issues like
space debris and propellant toxicity. A unique feature of the system proposed in [24] 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 [25,26]
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 [27,28], highlighting their electrodeless design and the use
of an inductive coil to accelerate propellant at high exhaust velocities. Authors in [29-31]
presented a concept to control the ion flux distribution for a magnetically enhanced thruster
with an additional coil. It highlights that effective magnetic control is achieved when
plasma density and spatial extent have a correlation.

1.2. Energy Sources for Spacecraft

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 spacecraft. Figure 1 depicts
a paradigm of spacecraft power comparing different sources of power based on mission
duration [21].
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Figure 1. A paradigm of spacecraft propulsion power and source [21].

1.

Primary batteries are suitable for short-duration missions or the initial stages of longer
missions in space [32], such as small satellites orbiting the Earth or spacecraft with
power requirements of less than 10 kW. Small satellites, including CubeSats [33] and
other miniature spacecraft [34], 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 [35].

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 [36]. 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 Cell (PEMFC) and
Alkaline Fuel Cell (AFC) technology [37]. AFCs 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 [38]. The Space Shuttle orbiters had fuel cell power plants that supplied
electricity and water during missions [39]. 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.

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. The International Space Station (ISS) is the largest spacecraft
ever made to date that effectively utilizes solar arrays to generate approximately
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105 kW of power. However, it is important to note that solar PV systems have
their limitations, particularly in terms of scalability [40—42]. The ISS solar array
surface area is 2500 square meters (27,000 square feet), which is enough to power
10 average-sized homes with 110 kilowatts of power [43,44]. The ISS power system
consists of two major segments: a 160-Volt U.S.-built portion and a 28-Volt Russian-
built portion. U.S. modules (wings) generate most of the power, around 76 KW, for
maintaining the ISS in orbit and keeping its components working properly. These
U.S. solar arrays are configured into eight solar array wings with two blankets per
wing. In another definition used among ISS enthusiasts, two solar array wings form a
photovoltaic module; hence, there are four modules on the ISS, which is equivalent
to eight channels on ISS [45,46]. When completely extended, each is 35 m in length
and 12 m wide. Each solar array wing can generate nearly 31 Kilowatts of DC power.
Space-grade solar panels are generally not suitable for generating power levels beyond
200 kW, which restricts their application in larger-scale spacecraft. Additionally, the
effectiveness of solar PV systems is highly dependent on the availability of sunlight.
In environments where solar irradiance is limited, such as on Mars, where it is about
590 W/m? compared to Earth’s 1366 W/m?, the efficiency of solar power generation
is significantly reduced. This challenge is further exacerbated at greater distances
from the Sun, where solar irradiance decreases even more, making solar PV systems
less feasible as a primary power source for missions in those regions [47,48].

4.  Radioisotope thermoelectric generators (RTGs) convert the heat released by the decay
of radioactive materials into electricity. They are commonly used in deep space mis-
sions when solar power is not applicable. However, their power is limited, commonly
below a few hundred watts. The authors in [49] designed a low-radiation, lightweight
RTG for space exploration using a Monte Carlo model to evaluate alternative radioiso-
topes, proposing materials for housing and encapsulation. A historical review of
RTGs and thermoelectric conversion is also presented for performance comparison
in [49]. However, for a long-lived operation, the Multi-Mission Radioisotope Ther-
moelectric Generator (MMRTG) power system is a better option due to its power
and long lifespan of at least 14 years [50], albeit at powers of up to sub-kW. Authors
in [51] 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 spacecraft 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.

2. The Role of MW-Scale Propulsion in Interplanetary Travel

For missions that require MW-scale power, such as interplanetary crewed Mars mis-
sions, two sources of energy are viable, Figure 1: (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 [52]. 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 2 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 on Mars in April 2028. It takes 217 days for an outbound
flight to Mars and 403 days for a return trip back to Earth. The mission has separate cargo
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and crewed vehicles with assembly orbit in LEO or cislunar space. NASA has developed
a propulsion concept for NEP and NTP for a spacecraft for Mars transit sized for four
crews whose parameters are listed in Table 1 [53]. The work in [54] 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 tech-
nologies. The plan emphasizes testing subsystems at relevant scales and environments to
gain confidence in their performance, wear mechanisms, and failure modes, targeting a
Technology Readiness Level (TRL) of 5 for each subsystem. In [55], three different models
have been proposed: (i) a detailed trajectory model to estimate the vehicle mass required
for mission success as a function of the NEP system, (ii) a power system mass model to
estimate the 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 [56,57] proposed a 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.

Mars arrival —
4/4/2038 (Day 217)

Mars departure

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

Outbound 217 days
Mars stay 30 days

Return 403 days
Total 650 days

Earth Return . Earth departure
6/11/2039 (Day 651) " 8/30/2037 (Day 0)
I Venus swing-by
12/8/2038 (Day 465)

Figure 2. Mars mission trackway [51].

Table 1. Comparison of NTP and NEP spacecraft propulsion parameters for Mars mission [53].

NEP NTP

e  Specific impulse of at least 2000 (Isp) e Nuclear thermal rockets with specific
e  Specific mass below 20 kg/kWe impulse of 900 (Isp), with up to 2500
e  Electrical power: 1 to 2 Mwe Ibf/engine
e  Reactor thermal power: 3 to 10 MWth e  Hydrogen propellant heated to at least
e  Operational lifetime: 4 years for power 2500 K

generation, 1 to 2 years for thrust e  Reactor thermal power: ~500 MWth
e  Voltage level of 1 kV e  Operational lifetime: 4 h (intermittent
e  Frequency range of 2 kHz operation: 6 to 8 restarts)
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An outline of the current state of development in NEP and NTP can be found in [58].
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 and 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.

Authors in [59] have provided an overview of the major elements of NEP, which is
divided into five critical technology elements, Figure 3:

(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 of propulsion. It should be noted that the NEP shield in Figure 3
serves to protect the rest of the spacecraft from radiation emitted by the reactor.

(i) 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 reac-
tor and processes it to a turbine that spins a generator. Different heat cycles have
been proposed for PSCs, including Rankine/Hern, Thermo-acoustic, Brayton, and
Stirling [60-62]; however, the Brayton cycle has attracted more interest due to its
high efficiency, long life, and scalability to high power [63]. The turbine in the PCS
is designed to operate at temperatures above 1300 K [62], with a speed range of up
to 75,000 rpm for the turbine [62]. The turbine provides mechanical power rotating
the generator whose output is electrical power, i.e., AC voltage and current. The
authors in [64] 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 large spacecraft. Key performance parameters for the PCS that are appropriate
for the human Mars mission have been mentioned in [65,66]. The summary of the
findings 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 1.

Power Conversion System (PCS)
A

Ve

N

Electrical Power Subsystem (EPS)

Nuclear Reactor N
System (RXS) Primary Heat Rejection System Power Management and r A
— ] Distribution (PMAD) Power |, Electric
T L — Processing Unit Thrusters
: Heat Power Electronics Propellant Flow
Reactor Shield (Brayton) { Turbine Generator |———> Converters and Supply | Controller
Cycle Zar Electrical controller Electrical
e output output
\

Primary Heat Rejection System Spacecraft bus and

payload

Figure 3. NEP main elements [62].

(iif) Power management and distribution (PMAD) that processes the generator’s electrical
power and may include components such as power electronics converters, control,
and monitoring systems that manage the electrical power supplied to the electric
thrusters and other spacecraft electrical power systems. NASA’s PMAD requirement
for NEP includes [67]: operating lifetime: 2 to 10 years; power level: 100 kW to
10 MW; and voltage level: 200 to 10,000 V. Note that the PMAD specifications need to
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(iv)

\

match those of the electric generator output, which are ultimately defined based on
the mission and spacecraft design.

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 the Hall effect thruster, ion thruster, and MPD thruster [68-70].

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 [71].

3. Current Medium Voltage DC (MVDC) System for Large Spacecraft

Figure 4 shows a schematic of a proposed MVDC system suitable for MW-scale

spacecraft. This scheme includes:

)

(i)

(iii)

A MVDC bus bar rate at 1 kV. The spacecraft legacy voltage is 28 V for most spacecraft
with powers up to a few tens of kWs [22,34,70]. However, as the power levels increase,
the spacecraft voltage increases. For instance, the ISS operates at a DC bus voltage
of 160 V [70]. Generally, the spacecraft bus voltage has stayed below 300 V [70,72].
Figure 5 shows the breakdown voltage between two conductors for different gases
as a function of pressure times the distance between the conductors; these curves
are known as Paschen Curves. The reason for not going behind 300 V has been to
stay below the breakdown voltage of most gases, as seen in Figure 5 [70]. However,
for MW-scale spacecraft, higher voltages are required to maintain the losses and
masses at reasonable levels. The higher voltages will increase the risk of voltage
breakdown; therefore, considerations for insulations need to be made. The work of
the authors in [73] discusses the requirements for high-voltage insulation in space. In
this paper, a voltage of 1000 V is considered for the MVDC bus (i) to possess a balance
between the high-voltage insulation and losses and mass [21]; (ii) the bus voltage of
1000 V is consistent with the literature and NASA’s recommendation for MW-scale
spacecraft [62].

An NEP that is the main source providing 1 MW of power. The NEP source drives
a three-phase PM generator whose output is rectified and connected to the MVDC
bus via an AC-to-DC converter. The PM generator is rated at 690 V (RMS line-to-line
voltage), and 30,000 RPM.

A solar PV source that provides a rated power of 120 kW at a rated voltage of 320 V. The
solar PV source voltage is stepped up to 1000 V via a DC-DC boost converter before
connecting to the MVDC bus. The DC-DC converter performs a closed-loop control
adjusting the output current and maintaining a maximum power point tracking
(MPPT) for the solar PV source as the sun’s intensity varies. In the development of
the solar PV source, the ISS solar arrays were used as a benchmark, where each ISS’s
solar array wing operates at a nominal voltage of 160 V and power of 30 kW [74].
Two of such wings are connected in series to provide a voltage of 320 V, and further
two series-connected pairs are paralleled to provide a rated power of 120 kW for
the proposed solar PV source in the scheme in Figure 4. Note that there are other
DC-DC converters that have been proposed for space applications. The author in [75]
proposed a two-stage DC-DC converter, where the first stage is a boost converter,
and the second stage is a series connection of capacitors and diodes that steps up the
solar PV voltage to 400 V for a spacecraft power system. Authors in [76] proposed a
multiple buck-boost port DC-DC converter for the spacecraft in LEO. They offered
two designs, a buck-boost converter with two embedded inductors and a secondary
design that merges the inductors and becomes a buck-buck-boost converter as it steps
up and down the solar PV voltage to the bus, and also steps down the voltage from
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(iv)

v)

(vi)

the batteries to the bus. While authors in [77] studied a high-voltage high-gain DC-DC
converter with two boosting stages and a number of voltage multipliers. In their
approach, the proposed converter is used for solar PVs, where each panel is connected
to the high-voltage DC bus. The authors in [78] proposed a three-level flying capacitor
DC-DC converter that contributes to the fault tolerance and the reliability of the
spacecraft power system. The power rating of the spacecraft for this proposed system
is claimed to be greater than 100 kW, and the voltage level is around 1000 V. However,
for the proposed system, a simple boost converter, which is similar in power level to
the one used in the ISS would suffice due to robust and proven topology, facilitated
control capability for disturbances (as will be discussed later), and low cost.

A BESS with rated voltage and power of 320 V and 120 kW interfaced to the MVDC bus
using a bidirectional DC-DC boost converter, allowing for charge and discharge modes.
In this design, the BESS’s voltage and power match those of solar PV to streamline
the backup system, reduce component count, and provide a dual backup (solar PV
and BESS) for the spacecraft. This ensures seamless integration and compatibility
with the MVDC bus, which serves as the central electrical distribution point within
the spacecraft. The control strategy for the BESS regulates the output current of
the bidirectional boost converter. By controlling the output current, the system can
effectively manage the charge and discharge rates of the battery [79]. The ISS’s battery
system is used as a benchmark, where they use lithium-ion cells with a nominal
cell voltage of 3.95 V with a 10-year/60,000 cycle life target [80]. For BESS, different
DC-DC converter topologies have been proposed. For instance, the authors in [81]
proposed high a step-up three-port DC-DC converter that uses two coupled inductors
as voltage gain extension cells that allow for high voltage output. The authors in [82]
introduce a bidirectional DC-DC converter for BESS, featuring an active switched-
inductor cell, a zero-current ripple cell, and an auxiliary capacitor cell. This design
offers several advantages, including a high voltage conversion ratio, low power switch
voltage stresses, zero ripple current on the low voltage side, and a constant potential
difference between the grounds of the low and high voltage sides.

Spacecraft electric thrusters at a rated power of 1 MW and voltage of 1000 V [60] that
are interfaced to the MVDC bus using a dual active bridge (DAB) DC-DC converter.
The electric thruster is an ion thruster, an example that was developed by NASA,
rated between 0.5 kW and 2.3 kW [83,84]. Therefore, there are a number of thrusters
connected in parallel to achieve the required propulsion power of 1 MW. The DAB
controls the thruster’s current as the spacecraft propulsion power varies during
launch and landing, orbit change, and during the mission. Other approaches for
controlling the thruster’s power and voltage have been proposed in the literature. The
authors in [85] discussed a new method for combining multiple power supplies to
enhance their performance in terms of power density, efficiency, and response time
for a Hall thruster. The authors in [86] proposed a quasi-resonant DC-DC converter
designed specifically for a PPT thruster. The converter utilizes a resonant tank that
incorporates the leakage inductor, magnetizing inductor, and winding capacitor of
a transformer. This design choice helps mitigate the negative effects that nonideal
transformer characteristics might have on the circuit’s performance. The authors
in [87] proposed a lightweight power converter providing high voltage and power
output. It operates at around 500 kHz and achieves a specific power of 1.2 kW /kg.
This converter includes a full-bridge series—parallel resonant inverter with a step-up
transformer ratio, which is connected to the six-stage dual-polarity voltage multiplier.
However, in the proposed scheme, a DAB is used to control the voltage and power
for the thruster, which offers simplicity, robustness, and cost-effectiveness.

AC/DC loads in the spacecraft, such as spacecraft low-voltage power systems, lights,
monitoring and scientific equipment, and other loads. The loads are interfaced to the
MYVDC bus via their own individual or grouped power electronics converters.
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Figure 4. MVDC for the spacecraft.
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Figure 5. Breakdown voltage between two conductors as a function of pressure times distance
between the conductors and for different gases, i.e., Paschen Curves [70].

4. Disturbances in the MVDC System

The MVDC system in the spacecraft can encounter instability issues due to system
uncertainty and external disturbances [88-91]. For the purpose of ensuring satisfactory per-
formance and stability, uncertainty and disturbance rejection is one of the most important
objectives for control system design [92]. If the disturbance is measurable, feedforward
strategies can eliminate its influence [93]. In disturbance observer-based control, which is a
common approach for disturbance rejection, the objective is to estimate the disturbance
from measurable variables and compensate for the influence of the disturbance. Different
disturbance observer-based techniques have been widely studied and utilized in industrial
applications [94-96]. However, it is often not possible to directly measure the external
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disturbance, or it is too costly to measure it. One strategy to deal with this problem is
to estimate the disturbance from measurable variables, and then a control action can be
taken based on the disturbance estimate to compensate for the influence of the distur-
bance [97,98]. UDE performance is based on the assumption that effective filtering can
closely approximate any continuous physical signal [96]. This idea can be extended to deal
with uncertainties where the impact of uncertainties or unmodeled dynamics could be
considered as disturbance; therefore, robustness of the system can be enhanced [97]. The
development and application of a wide-range disturbance and uncertainty attenuation
algorithm have been influenced by this idea [91-104]. Although different terminologies
have been used, they share a similar basic concept, i.e., an observation mechanism that
utilizes system measurable state and information, as well as the system model to estimate
the disturbances and uncertainties. The estimated system disturbance and uncertainty are
then used in the control to actively reject the actual disturbance and uncertainty. The impact
of disturbances can be dealt with through a feedback control system strategy [90]. Since the
1960s, different approaches for uncertainty and disturbance estimator and attenuator, like
unknown input observer (UIO) in disturbance accommodation control (DAC), have been
proposed [99,100]. The authors in [103] studied a discrete perturbation observer (DPO) in
state-space form for motion control applications. The proposed DPO uses the inverse of the
system nominal model and output to reconstruct the external disturbance. However, the
inverse of the system nominal model usually cannot be realized in the real world since the
inverse model commonly is a noncausal system. Thus, a low-pass filter is implemented and
integrated with the inverse model to make the DPO be causal and realizable. Meanwhile,
the added low-pass filter could further attenuate the system measurement noise to en-
hance the robustness. Similarly, the idea of combining a low-pass filter and inverse system
model to estimate the external disturbance has been used in the disturbance observer
(DOB) scheme as well, where the low-pass filter is also called Q-filter [97,98]. The authors
in [104] studied high-precision positioning control of a servo system, where the external
disturbance is rejected to enhance the control accuracy. An equivalent input-disturbance
(EID) approach has been proposed to improve the disturbance rejection performance. EID
suppresses uncertainties and nonlinearities in the plant. An uncertainty and disturbance es-
timator (UDE) has been proposed in [105] as a new disturbance rejection control algorithm.
The UDE in [105] has been tested on both a single-input-single-output linear time-invariant
mathematical system and a linear time-varying mathematical system. The simulation
studies have validated the performance of the UDE algorithm.

In this paper, among different approaches and considering the uncertainty and distur-
bance of the proposed MVDC system, a UDE-based control algorithm for both the solar
PV and BESS boost converter, and also for the DAB converter, are considered. The UDE
controller contains two parts: real-time disturbance estimation and state feedback control.
Based on the system’s mathematical model and output, the UDE controller can actively es-
timate the real-time system uncertainty and disturbance, which will be used to compensate
for actual disturbance [104-107]. Once the system disturbance is effectively attenuated, the
state feedback control can achieve a good command tracking performance. The modeling
of the converters, the design of the UDE control algorithm, and the simulation study will
be given in the following sections.

4.1. UDE for DC-DC Boost Converter for Solar PV and BESS

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 can 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 [108,109]. This converter leads the switch to remain on
for long time intervals [110]. Boost converters’ efficiency can reach above 90% under optimal
conditions [111]. The average lifetime of boost converters is more than 20 years [112].
Figure 6 shows the schematic of a boost converter, where L is the input inductor, C is
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the output capacitor, I} is the inductor current, V;, is the input voltage, and V,,; is the
output voltage. Then, the state-space model of the converter can be written as the following
equations [113]:

L4 =V, (0 ~ DTy) o
L% = Vin — Vout (DTS ~ Ts)

Cd‘t;im = —ILond (0 ~ DTS) 2)
Ceut = I} — Ijppg (DTs ~ Ty)

where D is the duty cycle of the boost converter gate signal. Combining (1) and (2), the
dynamic model of the boost converter can be written as [114]:

)

L4t =V, — (1~ D) Vour
C% = (1 - D)IL — I1oad

Equation (3) shows that the converter is in non-minimal phase and nonlinear, which
increases the design difficulty.

[r)ut —

4l

—> UDE
—»| Controller

Figure 6. Schematic of the UDE-controlled boost converter.

As stated before, the DC-DC boost converter will be controlled by a UDE controller to
manage the MVDC disturbances. In order to design the UDE controller here, the general
concept of the UDE algorithm will be reviewed. In general, a linear system with uncertainty
and disturbance can be described as:

x(t) = (A+ AA)x(t) + Bu(t) + f(t) 4)

where u(t) is the input for the system, and x(f) is the state of the system. A and B are
defined as state matrixes, AA represents the unknown system matrix, and f(t) is the
external disturbances. The term u;(t) = AAx(t) + f(t) is the impact of the disturbance and
uncertainty [98]. The aim of UDE is to remove 1, and drive the system state x(t) to follow
xm(t) as a reference, where the x,(f) is defined as:

X (t) = ApXp (t) + Bur(t) (5)

where A;; and By, are matrixes of the reference system that the actual system should track,
and the reference signal for this system is r(t). For achieving the high accuracy tracking
of the reference system x,(f), the tracking error is defined as e(t) = x;,(f) — x(t), and the
dynamics of the error can be defined as follow:

e(t) = Ame(t) + Ke(t) 6)
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where K is the state-feedback gain and A, + K should be Hurwitz, which means that the
eigen values of the matrix A,; + K are less than zero. Based on (4)—(6), the control law is
designed as:

u(t) = BT [Amx(t) — Ax(t) + Bur(t) — Ke(t) — ug(t)] 7)

Uncertainty and disturbance u(f) is usually unknown for most of the applications. In order
to realize the control law in (7), here, an estimated uncertainty and disturbance 14,(t) is
proposed, which is defined as:

uge(t) = gr(t) *uy(t)
- L(*l)Gf(s)[sx(s) — Ax(s) — Bu(s)] ®

where Gy is the uncertainty and disturbance filter. Within the bandwidth of G, the estimate
ug.(t) is close to the actual disturbance u,4(t). Thus, the control law can be written as:

u(t) = BT [Apx(t) — Ax(t) + Byr(t) — Ke(t) — uge(t)] 9)

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 (3) in non-
minimal phase and nonlinear. To simplify the design’s complexity, a virtual control variable
m is introduced as follows:

m=1-D (10)

Then, the boost converter model is rewritten as:

a = L (11)

{‘HL _ Vip=mVour
Toyt = mliy

It should be noticed that the voltage dynamics of the boost converter are ignored here
since the converter is working in the current control mode. Moreover, (11) shows the boost
converter model is a nonlinear and non-minimal phase system. In order to simplify the
controller design, here, the small signal model of the boost converter is derived as:

Iouto + Aloyt = (mo + Am)(Iro + AlL) (12)

where It 9 = moly is the steady-state output current of the boost converter, m and I are
the steady-state operation points, and Aly,:, Am, and Al} are the small signal items of Iy,
m, and I, respectively. Ignoring the high order term, the small signal model of the boost
converter is simplified as:

Al = IrgAm + Alpmg (13)

In the steady-state of the boost converter, my = Vj;, / Vour and Irg = Iputo X Vi / Vout. Based
on (11) and (13), the small signal transfer function of the boost converter is derived as [114]:

Vi
AIout(S) _ SmLIout,O — Vin (14)
Am(s) sL

Without losing generality, assuming I,,:o = 0, the linearized boost converter model is

written as:
dIout _ *Vin

it L
where f is the system disturbance. In order to achieve the current tracking, here, a reference
system is defined as follows:

m+ f (15)

dly,

ar —oly + aleyg (16)
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where I, is the reference current that I,,; should track, I, is the command current, and
alpha is the desired bandwidth of the current tracking loop. The current tracking error can
be defined as e = I,;, — Iy, and it satisfies (13):

% = —we — ke (17)
where k is the proportional gain that can speed up the error convergence. Then, the tracking

error is rewritten as:

m dIOM J— ‘/il/l
% - dtt = —aly+aly+ I m *f (18)

= —ne — ke

Based on (18), the control law m should satisfy:

L
m = 7(1771 — Icmd —ae — ke +f) (19)
1

In (19), f is unknown disturbance, which can be written as:

dlow | Vi

Based on the UDE law, the disturbance is estimated as follows:

dl V:
fest = < dotut + Iinm> * Gf (21)

Thus, the UDE-based current controller for the boost converter is derived as:

m = Vi(Ln — lema — ae — ke + fest) (22)
1

4.2. UDE for DAB Converter for Electric Thruster

In the proposed MV Figure 4, a DAB DC-DC is 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 [115-117]. The efficiency of the DAB converter
at full power is 98.2% [118,119]. The typical operational lifetime ranges from 10 to 20 years
or more in industrial applications [120]. As depicted in Figure 7, the basic design of a DAB
converter includes two full-bridge converters, power MOSFETs labeled S; through Sg, a
transformer’s leakage L, which may also incorporate an additional external inductor, and
a HF transformer with a turn ratio denoted by n [121-123]. The DAB converter obtains a
fixed input voltage from the MVDC bus, which is presented by Vs in Figure 7, and the
output current Iy,,¢; is used to drive the electric thruster.

Ithruxt

Vi
O
L inpn;

7—1
3 E—' Vs FElectric
" Vt rust
H RN Thruster
Se S —g}
S-S o g} s

Vbus .
=1000 V7

L

Phase-Shift P ref UDE < Vius
Modulation Controller —jebus
‘ Lhrust

Figure 7. The block diagram of the UDE-controlled DAB converters.
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The output current, and hence power of the DAB converter, is adjusted by a phase-shift
modulation. Figure 8 shows the gate signal 51-Sg, transformer voltages V; (input) and V
(output), and the transformer current (I;) under the phase-shift control. In the phase-shift
control, the duty cycle of all switches is fixed as 50% [122]. A phase-shift angle D is inserted
between the two full-bridge converter switching periods, as shown in Figure 8, where Ty, is
the half of the switching period. By changing the phase-shift angle, the transformer terminal
voltages V1 and V), are controlled, and thus, the transformer current I} is controlled.

Ths

S;and Sy |

Sz and § | Phase Conduction Switches Vi

DT

Ss and Sg | | 1 S1, S4, Se, S7 Vbus+Vithrust
| | 2 S1, S4, Ss, Ss Vbus-Vihrust
Sg and S,

3 SZ, S3, SS, Ss —Vbus-Vihrust

v, —
Vo

g — 4 SZ, SS, SG, S7 =Vbus+Vihrust

i

1 2 i34
Figure 8. SPS modulation on the DAB converter.

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 shown in Figure 8. A detailed description of different switching
phases is given as follows.

e InPhase 1, switches Sq, Sy, Sg, and Sy are turned on, while all other switches are off.
It can be seen from the circuit shown in Figure 7 that the transformer voltages are
Vi = Vs and Vy = —Vy,s, and thus, the transformer leakage inductor voltage
Vi = Vbus + Vthrust-

e In Phase 2, switches Sq, Sy, S5, and Sg are turned on, while all other switches are off.
The transformer voltages are V1 = Vj,,s and Vyp = Vi, hence Vi = Viys -Vigypyss

e In Phase 3, switches Sy, S3, S5, and Sg are turned on, while all other switches are off.
The transformer voltages are V| = =V, and V = Vyqp, thus Vi = = Vi — Viggust-

e InPhase4, switches S,, S3, Sg, and Sy are turned on, while all other switches are off. The
transformer voltages are V1 = — Vs and Vo = — Vi, and thus Vi = -Vis + Viggyer

It can be seen from the switch phase analysis that different voltages will be applied to
the transformer at different phases. The transformer current (I} ) 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 can thus be calculated based on the transformer voltage
and current, i.e.,

P = [2T (v x Ip)dt
DTy, 2T
= Jo : [(Vbus + Vthrust)lddt + fDT:S [(Vbus - Vthrust)IL]dt (23)
DA+1)Tps 2T
+f7£hs o [(_ths - Vthrust)IL]dt + f(Dﬁrl)Ths [(_Vbus + Vthrust)IL]dt

At different switch phases, the transformer current satisfies:
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L) = v,

(VeustVirust) 0 <+ < DTy, (Phase 1)

(Vbus_L thrust) DTy < t < Tjs(Phase 2) (24)
(~VousVirust) Ty <t < (D + 1) Tjs(Phase 3)
(" Vous PVibnust) (D 4+ 1) Ty <t < 2Tj,s(Phase 4)

dIL(t)dl‘ =

Combining (23) and (24), the DAB converter output power under the phase-shift control is:

1 Vpus Vinrust
P = TD(l*D) (25)
where Fs = 1/(2T};) is the switching frequency of the DAB converter.

In the spacecraft MVDC scheme, Figure 4, the DAB converter output current is reg-
ulated by a proposed UDE controller. Referring to Figure 8, based on a current reference
I.mg set by the spacecraft propulsion system, the electrical thruster voltage Vs, input
voltage Vyys, and output current Iy,,,s;, the UDE controller generates a power reference P
and passes this on to the phase-shift modulation block. Based on (25), 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 to follow the reference power,
the required phase-shift angle D can be calculated as:

8F,LP,f
1- 1- (”Vbusvthmst)
D= 5 (26)

As mentioned earlier, the UDE controller will achieve the output current tracking and
reject disturbance through adjusting the reference power P, . According to principles of
electrical circuits, the output power is governed by:

Pref = VinrustIthrust + f (27)

where f is the system uncertainty and disturbance. Based on (27), the converter output
current can be written as:
Pre f f

Vthrust

Linrust = (28)

In order to let the output current track the command current, i.e., Iyjyst = Iong, the reference
power should satisfy:

Pref = VinrustLemd + f (29)

The system disturbance can be represented by:

f = Ithrust - Icmd (30)

Similar to the boost converter disturbance estimation, the DAB converter disturbance is
estimated as:

fest = Gf(Ithrust — Loma) (31)

Within the bandwidth of Gf,
fest = Gfd ~d (32)

Thus, the UDE-based DAB converter current controller is derived as:

Pref = Vinrustlemd + fest (33)
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5. Simulation Studies

The UDE control method was selected for its ability to effectively mitigate MVDC
instability caused by unpredictable factors and external disruptions [88,124]. Its unique
feature lies in its capability and robustness to estimate and compensate for uncertainties and
disturbances in real time, making it suitable for applications where system dynamics are
subject to variation or disturbance. In [125], disturbances and uncertainties’ importance has
been mentioned for space/aerospace vehicle guidance and control systems. Although other
control methods such as [126] are available, modeling and characterization of disturbances
that affect spacecraft attitude control is neglected, and closed-loop stability continues
to be a challenging problem [127]. The focus on UDE in this study was driven by its
potential to enhance the stability and robustness of the MVDC system under dynamic
operating conditions. By providing a detailed analysis and simulation of the UDE method,
this study aims to contribute valuable insights into its effectiveness for power electronics
applications, particularly in the context of MVDC systems for large spacecraft. In order to
validate the effectiveness of the UDE control approach, different simulation studies with
MATLAB (Simulink) have been conducted. It should be noted that Table 2 summarizes all
the variables that have been used in this paper. Figure 9a shows the control 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., bandwidth is 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 9b
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 Gy is 200 Hz. This suggests that the proposed disturbance and
uncertainty estimation filter G provides a satisfactory disturbance estimate and eliminates
the current tracking steady-state error. The current is maintained within 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 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’s stability and track the desired performance under these permutations. Under
a condition when the circuit parameters have £20% error while the bandwidth of Gy is
200 Hz, it can be seen from Figure 10 that the dynamic voltage tracking can still estimate
the disturbance effectively and achieve 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.

Table 2. Parameters.

Parameters Value
Vdc_bus 1000 V
Vdc_solars Vdc_BESS 320V
Pac_solars Pdc_BESS 120 kW
Vpm 690 V
Npm 30,000 RPM

Pnep 1MW

Csolar 10 mF
CgEss 500 pF
Lpas 50 uH
Lsolar, LBess 100 uH

(1% 100 Hz
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Figure 9. Boost converter tracking performance under the UDC controller. (a) Reference system
bandwidth is 200 Hz, G = 0. (b) Reference system bandwidth is 200 Hz and Gy =200 Hz.
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Figure 10. Boost converter tracking performance under the UDE controller while the reference system
bandwidth is 200 Hz and Gy is 200 Hz and when the circuit parameters have £20% error.

Figure 11a shows the control performance of the DAB converter. The current tracking
performance when the disturbance estimation filter Gy is zero and only the state-feedback
control is enabled has been indicated in the figure. It can be seen that the steady-state track-
ing error of the DAB current control is not zero due to system uncertainty and disturbances.
After implementing the filter Gy, as Figure 11b depicts, the disturbance and uncertainty
are effectively attenuated, and the steady-state current tracking error is zero. Also, it
can be seen that the tracking error converges within 3 ms, which suggests satisfactory
transient performance.

The circuit parameter uncertainty must be considered in real DAB converter applica-
tions. Figure 12a,b demonstrate that the proposed control scheme maintains satisfactory
control performance under £20% parameter uncertainty. It can be seen that the proposed
UDE control scheme maintains the system stability and robustness even under large system
uncertainties. Overall, both the boost and the DAB converter simulations demonstrate the
effectiveness of the proposed UDE scheme for spacecraft MVDC systems.
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Figure 11. DAB converter tracking performance under the UDE controller. (a) Reference system
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and Gris 200 Hz when the circuit parameters are accurate.
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Figure 12. DAB converter tracking performance under the UDE controller while the reference system
bandwidth is 200 Hz. (a) Bandwidth of Gy is 200 Hz when the circuit parameters have +20% error.
(b) Bandwidth of Gf is 200 Hz when the circuit parameters have —20% error.

6. Conclusions

In this paper, an MVDC system for a large spacecraft for the Mars mission travels is
introduced. The MVDC system contains an NEP source, a PV source with a unidirectional
DC-DC boost converter, a BESS source with a bidirectional DC-DC boost converter, an
electric thruster driven by a DAB converter, and AC/DC loads. The paper provides a
comprehensive overview of the MVDC system, the sources, thrusters, and their common
control strategies. In addition, as MVDC system stability and robustness are critical for
spacecraft, the effect of disturbances and uncertainties has been studied. A study of different
approaches for rejecting external disturbances and system uncertainties has been conducted,
while the paper proposes UDE current control schemes for the boost and DAB converters.
It is demonstrated that the proposed UDE controllers are capable of actively estimating and
compensating for system uncertainties and disturbances, thereby enhancing the control
performance and robustness of the MVDC system. Simulation studies corroborate the
effectiveness of the proposed schemes.
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