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I 

Abstract 

Simultaneous CubeSat attitude and orbit control  

using interaction between  

magnetic actuator and space environment 

by  

Ji Hyun Park 

Recent advances in CubeSat technology has shown CubeSat a promising 

platform not only for space education, but also in its potential in the use for valuable 

space missions. The value of CubeSat is added when utilizing the low-cost and fast-

delivery advantage in operating multiple CubeSats together as a distributed satellite 

system (DSS) to perform multi-point observation or measurement missions. 

Depending on how the DSS is configured, valuable missions that conventional 

monolithic spacecraft could not perform can be realized. In order to take DSS 

advantage, orbit maneuver capability of CubeSats is required. Various conventional 

orbit maneuver methods for CubeSat exists, however the methods have its 

advantages and disadvantages.  

In this dissertation, a novel plasma drag interaction using onboard magnetic 

torquer with space plasma for CubeSat is proposed. Plasma drag constellation takes 

all the conventional advantages while providing accurate orbit deployment 

capability to CubeSats.  

An elementary analysis is presented as proof-of-concept. Numerical analysis on 

plasma drag constellation is performed for parametric study and elementary analysis 

validation. The results show the feasibility of the proposed method and the 



 

II 

relationship between magnetic moment, desired phase angle, and satellite mass with 

deployment time.  

Practical aspects of plasma drag constellation are further analyzed as part of 

feasibility study. Feasibility diagram is derived based on CubeSat resource 

limitations and orbit plane perturbation. An example case of plasma drag 

constellation proves the feasibility of CubeSat using plasma drag constellation. 

Attitude disturbance problem is considered as another practical issue. The effect of 

magnetic torquer actuation that drives the satellite attitude unstable is examined. As 

a mitigation, high frequency polarity switching controller for torque cancellation is 

proposed. Numerical simulation results show that angular velocity was significantly 

decreased, however attitude remained unstable. As a solution, a high-frequency 

switching PD controller is proposed. The PD controller is designed to dump out the 

residual torque during polarity switching. Simulations show that the proposed high-

frequency switching PD controller successfully stabilizes satellite attitude during the 

magnetic actuation while using magnetic plasma drag for orbit control.  
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Chapter 1  

Introduction 

This dissertation focuses on the simultaneous spacecraft attitude and orbit 

control using the interaction between magnetic actuators and space plasma, 

especially on the application to a CubeSat. Previous CubeSats did not have a strong 

need in orbit maneuver capability due to the mission simplicity. However, as the 

CubeSat technology evolved, CubeSats are being used in complex missions 

demanding orbit control. Orbit maneuver mechanisms for CubeSats has been 

proposed, however the use of such mechanisms are limited due to either mass, 

volume, power, attitude control requirements.  

Magnetic plasma drag has a potential in being used as orbit control by 

differential drag, as the drag force is generated using onboard magnetic torquers 

boarded on a CubeSat. Furthermore, as the magnetic torquer produces torque as a 

result of interaction of the magnetic field of the CubeSat with the geomagnetic field, 

both attitude and orbit control can be achieved using the same actuator. CubeSat 

attitude and orbit control using the same actuator is the key advantage as the resource 

requirements can be minimized. This dissertation presents a novel simultaneous 

attitude and orbit control mechanism using the same actuator. Orbit maneuver 

capability and its feasibility using magnetic plasma drag is investigated for a 

CubeSat, and a simultaneous attitude and orbit control method is developed.  
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1.1. Background 

CubeSat is a standard nanosatellite ranging from 1 – 12 kg in mass (The 

CubeSat Program, 2015; The CubeSat Program, 2016), which was first proposed in 

the early 2000s by a group of research teams (Heidt et al., 2000; Puig-Suari et al., 

2001). The key features of a CubeSat over a conventional satellite are low cost and 

fast delivery, coming from the use of commercial-off-the-shelf (COTS) components 

and small-mass piggy back launch. Conventional space systems used space qualified 

components, which are expensive compared to COTS components. Furthermore, 

launch cost became affordable due to the small-mass piggy back launch and finding 

a launch opportunity became easy due to the standard platform as the CubeSat 

deployer is shared together. Figure 1 shows an example of most widely used CubeSat 

platform and Figure 2 shows an example of CubeSats sharing a deployer. 

In June 2003, the first batch of six CubeSats [XI-IV (The University of Tokyo), 

CanX-1 (University of Toronto), AAU-CubeSat (Aalborg University), DTUSat 

(Technical University of Denmark), CUTE-1 (Tokyo Institute of Technology), 

QuakeSat-1 (Stanford University)] were launched as a piggy back ride on Rokot 

(Eishima et al., 2004; Pranajaya et al., 2003). Since the success of the first launch, 

about 800 CubeSats has been launched proving the use CubeSat for space education 

and also the space mission capabilities of CubeSats (Poghosyan and Golkar, 2017; 

Polat et al., 2016; Swartwout, 2013, 2018). According to recent statistics (Swartwout, 

2018), the CubeSat boom is due to the increasing number of Distributed Satellite 

Systems (DSS) of CubeSats, such as QB50, Flock, or Lemur-2 (Bandyopadhyay et 

al., 2016; Poghosyan and Golkar, 2017). 
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Figure 1 An example of a 1U CubeSat XI-V [Courtesy The University of Tokyo] 

(left), a 2U CubeSat SNUSAT-1/1b (center), and a 3U CubeSat SNUSAT-2 (right). 

 

 

Figure 2 A 6U deployer from NanoRacks used for deploying CubeSats from ISS 

XI-V (1U)

           cm

1 kg

SNUSAT-2 (3U)

           cm 

2.85 kg

SNUSAT-1/1b (2U)

          cm 

1.9 kg
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Figure 3 Total CubeSat launch count and categorization by mission type (Swartwout, 

2018). Exponential increase in CubeSat launches and the role of commercial sector 

in CubeSat development can be seen 

DSS is a concert of multiple satellites, which enhances the mission capability 

of the system over a monolithic systems (Corbin, 2015; Poghosyan et al., 2016). The 

mission capability enhancement includes decentralization of resources, spatial 

distribution of payloads, more satellites, and redundancy so-called “The Big Four” 

(Corbin, 2015). The benefits of DSS can be categorized based on unique emergent 

capabilities, which consists of one or more advantages from “The Big Four,” as 

“Fundamentally Unique Emergent Capabilities,” “Analytically Unique Emergent 

Capabilities,” and “Operationally Unique Emergent Capabilities,” as shown in Table 

1 (Corbin, 2015).  

CubeSats Launched Each Year CubeSats by Mission Type

798 Total
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Table 1 Emergent capabilities of distributed satellite systems (Corbin, 2015) 

Capability 

category 

Emergent 

capabilities 

Description 

Fundamentally 

unique 

Shared 

sampling 

“When multiple assets trade responsibilities for making the same measurement at different times, 

particularly when it is impossible for any single asset to make the measurement over the time period 

required for satisfaction.” 

Simultaneous 

sampling 

“When multiple assets conduct a measurement of a common target at the same time from different 

locations such that the combination of the resultant data sets provides more detailed information that 

could not have been gathered by a single asset moving between locations and taking measurements 

at different times.” 

Self-

sampling 

“When multiple assets measure signals generated by each other, or the precise position and velocity 

of each other, to infer information about a target or phenomenon indirectly rather than measuring the 

phenomenon directly.” 

Analytically 

unique 

Census 

sampling 

“When multiple assets conduct multiple measurements of a subset (or the full set) of a collection of 

similar targets in order to have greater certainty in the variance of the desired properties or 

characteristics of the whole target population.” 

Stacked 

sampling 

“When heterogeneous assets are deployed into different environments or locations to make 

measurements of the same phenomenon using different instruments such that the combination of data 

sets is more valuable than any individual data set.” 

Operationally 

unique 

Staged 

sampling 

“When additional assets are deployed after knowledge gained by the first asset’s or wave of assets’ 

data has been received and analyzed such that the location or orbit of deployment can be re-evaluated 

and altered to seize opportunity that was previously unknown or provide similar measurements for 

more confidence in results.” 

Sacrifice 

sampling 

“When assets are knowingly deployed to an unsafe operating environment, such that most if not all 

of the deployed assets will be destroyed, but the scientific returns can justify the development and 

launch of the entire mission.” 
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Table 2 Categorization of Distributed Satellite Systems (Poghosyan et al., 2016) 

DSS  

architectures 

Mission goals Cooperation Homogeneity Inter-satellite 

distance 

Autonomy 

Constellation Mission goals 

shared 

Cooperation required 

to support mission 

goals 

Homogeneous 

components, some 

difference possible 

Regional Autonomous 

Train Independent, but 

could be shared 

Cooperation from 

optional to required 

Heterogeneous 

components 

Local Autonomous 

Cluster Mission goals 

shared 

Cooperation required 

to support mission 

goals 

Homogeneous 

components 

Local Autonomous to 

completely co-

dependent 

Swarm Mission goals 

shared 

Cooperation required 

to support mission 

goals 

From homogeneous 

to heterogeneous 

components 

From local to 

regional 

Autonomous to 

completely co-

dependent 

Fractionated 

satellite 

Mission goals 

shared 

From optional 

(service areas) to 

required (distributed 

critical functions) 

Heterogeneous 

components 

Local Autonomous to 

completely co-

dependent 

Federated 

satellite 

Independent 

mission goals 

Ad-hoc, optional Heterogeneous 

components 

From local to 

regional 

Autonomous 

Note: Adapted from Unified Classification for Distributed Satellite Systems, Poghosyan et al., 2016 
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The variations of DSS architectures are categorized into constellations, trains, 

clusters, swarms, fractionated satellites, or federated satellites, which are 

characterized by its mission goals, cooperation, homogeneity, inter-satellite distance, 

and autonomy as shown in Table 2 (Poghosyan et al., 2016). Regardless of the 

architecture variations, as DSS involves multiple space segments, fast delivery and 

low cost features of the CubeSat makes CubeSat a suitable platform in realizing the 

DSS as long as technical capabilities are met.  

1.2. Motivation 

The motivation in performing research on a novel constellation deployment 

method came from CubeSat project experiences, from SNUSAT-1/1b and SNUSAT-

2. During the development of CubeSat systems, it was possible to learn the advantage 

of distributed satellite systems, while experiencing the limitations of the current 

CubeSat technology. The experiences became the key motivating factor in 

performing this research.  

1.2.1. SNUSAT-1/1b 

SNUSAT-1/1b is a 2U CubeSat project part of the QB50 mission (Park et al., 

2014). The QB50 project is an international collaboration for lower thermosphere 

exploration (Gill et al., 2013). It utilizes 36 (originally 50) CubeSats to measure 

lower thermosphere constituents with high temporal and spatial resolution. The 

CubeSats did not have onboard orbit maneuver mechanisms, which limited the 

constellation to be deployed naturally due to variations in ballistic coefficient and 
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deployment velocity (Kılıc et al., 2013). The irregularly distributed QB50 CubeSats 

can be seen in Figure 4. A strong motivation in the development of CubeSat orbit 

maneuver capability came along with the experience of distributed satellite systems 

using CubeSats with the QB50 project, while urging for the need of orbit maneuver 

capability in able to fully utilize the advantage of CubeSats as a distributed satellite 

system. 

 

Figure 4 Distribution of 36 CubeSats of the QB50 project. The CubeSats are 

distributed irregularly as the CubeSats do not have orbit maneuver capabilities. 

[Courtesy QB50 DPAC] 



Chapter 1 Introduction 

9 

1.2.2. SNUSAT-2 

SNUSAT-2 is a 3U CubeSat developed for technology demonstration (Park et 

al., 2015). From the experience of SNUSAT-1/1b, SNUSAT-2 boarded a high 

specific impulse thruster. However, despite the small thruster head, power processing 

unit, high voltage lines, and neutralizer made the actual volume margin tight. Adding 

additional components, especially high voltage was challenging on a CubeSat. From 

the experience of SNUSAT-2, using onboard magnetic actuators as constellation 

deployment mechanism worked as a strong motivating factor.  

1.3. Literature Review 

A literature review has been performed in order to identify the issues of on the 

current CubeSat orbit maneuver technology. Various orbit maneuver technologies 

have either been proposed or demonstrated using differential drag, high-thrust 

thruster, or high specific impulse thruster. Each of the technologies are reviewed in 

this section. 

1.3.1. Differential drag 

Differential drag is in fact one of the most promising orbit maneuver method 

for CubeSats up until now. Successful mission was reported using differential drag 

for Earth observation CubeSat constellation (Boshuizen et al., 2014; Foster et al., 

2015). Figure 5 shows an actual Flock 1-C constellation deployment result achieved 



Chapter 1 Introduction 

10 

using differential drag (Foster et al., 2015). The figure shows that adequate orbit 

deployment is possible using differential drag.  

Differential drag can be categorized into three variations as differential drag 

using drag plate, differential drag using physical properties, and differential drag 

using foldable sails. Differential drag using physical property utilizes the area ratio 

of the different cross-sectional areas of the CubeSat (Boshuizen et al, 2014; Foster 

et al., 2015). Therefore, differential drag using physical property is more effective 

on larger CubeSat platforms or CubeSats with deployable panels. The deployable 

panels produce larger differential drag between the satellites.  

 

Figure 5 Actual Flock 1-C constellation deployment results achieved using different 

drag. The bold lines indicate the differential drag command on each of the satellites. 

The figure shows that the CubeSats have been adequately equally spaced (Foster et 

al., 2015).  
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Figure 6 shows the different configurations of differential drag using physical 

property of a Dove satellite (Foster et al., 2015). Whereas area ratio variation is only 

1.5 for 1 U CubeSat, Dove satellite achieved an area ratio of 9.75 using the large 

panels. According to Figure 5, it can be seen it took 7 months for the Flock 1-C to 

deploy to its constellation.  

If the spacecraft has deployable panels and has three-axis control ability, 

differential drag using physical property is a promising method. However, the 

discrete configuration options limit precise deployment, as high frequency control 

maneuver is physically impossible.  

 

Figure 6 Various cross-sectional area configuration for differential drag using 

physical properties of a Dove satellite (Foster et al., 2015). The deployable solar 

panels produce larger differential drag between the satellites.  
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Differential drag using a drag plate utilizes drag plates that can be rotated for 

varying atmospheric drag (Bevilacqua and Romano, 2008; Varma and Kumar, 2012). 

The advantage of differential drag using drag plates over differential drag using 

physical property is that aero-ratio or the differential drag can be controlled using a 

continuous profile. However, the drawback due to the requirement of additional drag 

plates is a trade-off to volume and mass. Figure 7 shows a conceptual art of 

spacecraft formation flight using drag plates (Varma and Kumar 2012).  

 

Figure 7 Conceptual art of spacecraft formation flying using drag plates (Varma and 

Kumar 2012). Drag plates are rotated in order to change differential drag between 

the satellites.  

Lastly, differential drag using foldable sail is a new concept that uses foldable 

sail to control the cross-sectional area (Guglielmo et al., 2014; Mason et al., 2013; 

Pastorelli et al., 2015). The foldable sail however requires an additional folding and 

unfolding mechanism, and also requires attitude three-axis control if continuous 

profile differential drag is required. A conceptual drawing of foldable sail is shown 

in Figure 8 (Guglielmo et al., 2014).   
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Figure 8 A conceptual drawing of a CubeSat with foldable sail (Guglielmo et al., 

2014).  

1.3.2. High specific impulse thruster  

The characteristics of high specific impulse thrusters is generally low thrust. As 

definition, high specific impulse thrusters have higher propellant efficiency, thus 

could sound ideal to small spacecraft platforms such as CubeSats. Many high 

specific impulse thrusters have been developed that could be board on to CubeSats 

including pulsed plasma thrusters (PPT), vacuum arc thrusters (VAT), ion/hall 

thrusters, or electrospray thrusters (Mueller et al., 2010). In this section, some of the 

most recent development in ion thruster, PPT, and field emission electrical thruster 

(FEEP) are reviewed.  

Ion thrusters fundamentally accelerate ions up to high speed, which increases 

the specific impulse. A recent study featured a CubeSat sized neutralizer-free ion 

thruster, which benefits from that fact that neutralizer is not required (Rafalskyi and 
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Aanesland, 2017). Traditionally, neutralizer was required to balance out the exhaust 

beam, in order to prevent the spacecraft from attracting the ions. Despite the 

neutralizer-free feature, ion thrusters require propellant tank, feedline, and power 

processing unit (PPU) while three-axis attitude control is required for thrust 

vectoring.  

PPTs unlike ion thrusters use solid Teflon as propellant, and thus does not 

require a propellant tank or complex feedline systems. Recent studies on PPT 

featured geometry and propellant optimization in order increase the overall 

performance of PPT (Northway et al., 2017). Despite the features, PPT requires large 

volume due to its PPU and capacitor bank for energy storage. A 2U CubeSat is 

planned to be launched boarding PPT for technology demonstration for future lunar 

missions (Ӧrger et al., 2016).  

 

Figure 9 Prototype model of NanoFEEP compared to a 1 Euro coin (Bock and Tajmar, 

2018). 

FEEP provides high specific impulse features due to extremely high ion 

acceleration. Miniaturization is possible as propellant evaporation, ionization, and 

acceleration takes place in the same electric field. Recent development featured 

miniaturization of FEEP to a size, which fits in the edge of CubeSat rails (Bock and 
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Tajmar, 2018). A manufactured prototype of the NanoFEEP thruster is shown in 

Figure 9 (Bock and Tajmar, 2018). NanoFEEP ready boards gallium, which is phase 

changed to liquid using electric heater.  

 

Figure 10 NanoFEEP assembly level integration requirements due to thruster head, 

neutralizer, PPU, and high voltage lines occupy relatively large volume.  

Although the thruster itself is small in mass and volume, additional components 

such as PPU, neutralizer, and high voltage line assembly requirements occupy 

relatively large volume as seen in Figure 10. 

1.3.3. High-thrust thruster  

High-thrust thrusters are used in order to produce large delta-V over a short 

period of time. Recent developments include resistojet, cold gas thruster, and 

hydrazine for CubeSat platforms, especially for use in high delta-V missions such as 

Electronics (0.2 U) Thruster head
Neutralizer
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lunar missions or formation flying (Asakawa et al., 2017; Bouwmeester et al., 2010; 

Schmuland et al., 2011).  

A 6U CubeSat, EQUULEUS, is being developed for deep space exploration as 

it flies to the Earth-moon L2 (Asakawa et al., 2017). In order to perform such 

missions, a resistojet that uses water as propellant, named AQUARIUS is being 

developed. Water was used as a safe, non-toxic, and low-cost propellant, which is 

promising for university development.  

Although the cold gas thruster is low efficiency, it is the simplest and no 

feedlines are required as it uses solid propellant in generating the required gas. As 

part of the DELFI-NEXT mission, a micro-propulsion payload was developed for 

CubeSat orbit control mission (Bouwmeester et al., 2010). Multiple cold gas 

generators were clustered together assembled with a MEMS based valve and a 

plenum, as shown in Figure 11. 

 

Figure 11 Micro-propulsion payload developed for DELFI-NEXT mission. Solid 

propellant cold gas generators provided pressure for the cold gas thruster 

(Bouwmeester et al., 2010).  

In order to provide a solution that overcomes the performance limitations of 

cold gas thrusters, hydrazine propulsion module for CubeSat has been studied 
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(Schmuland, 2011). However, it must be kept in mind that hydrazine is highly toxic 

and thus act as a limiting factor in CubeSats being developed in universities. 

1.3.4. Requirements for novel CubeSat orbit maneuver  

In the previous section, literature review on orbit maneuver technology 

applicable on CubeSat was performed. The technologies in the literature review were 

then assessed under five different criteria, which was considered to be an important 

factor when integrating to a CubeSat: Additional component requirements, 

deployment requirements, propellant requirements, attitude maneuver requirements, 

and resource feasibility.  

Table 3 shows the criteria assessment results of the orbit maneuver technologies 

that were introduced previously. It can be seen that differential drag using physical 

properties is a promising method, especially if the CubeSat has deployable solar 

panels and has three-axis control capabilities. However, a critical limitation of 

differential drag using physical properties that the satellite attitude must be 

maneuvered in order to vary differential drag and the discrete cross-sectional area 

configuration remains. Especially due to the discrete cross-sectional area 

configuration, precise phase and phase rate control is impossible, which will require 

the CubeSats to perform frequency station keeping maneuvers.  
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Table 3 Feature comparison of conventional constellation deployment technologies 

Constellation 

deployment 

mechanism 

Additional 

component 

requirements 

Deployment 

requirements 

Propellant-less 

(De-orbit after 

mission lifetime 

possible?) 

Attitude 

maneuver 

requirements 

Mass, volume, 

and power 

feasibility 

Differential drag 

using drag plate 
Drag plate rotating 

mechanism 

required 

Drag plate 

deployment 

required 
Feasible 

Three axis control 

required 
Feasible 

Differential drag 

using physical 

properties 
Feasible 

Optional (panel 

deployment) 
Feasible 

Three axis control 

required 
Feasible 

Differential drag 

using foldable sails Folding mechanism 

required 

Sail deployment 

required 
Feasible 

Feasible (ram 

direction 

alignment) 

Volume 

required for 

folding 

mechanism 

High-thrust 

thruster Thruster assembly 

required 
Feasible 

Propellant 

required 

Thrust vector 

control required 

Mass, volume 

required for 

tank and 

feedlines 

High specific 

impulse thruster Thruster assembly 

required 
Feasible 

Propellant 

required 

Thrust vector 

control required 

Mass, volume 

required for 

tank and 

feedlines 
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1.4. Contribution 

The main contribution in the thesis is proposition of a novel method for 

simultaneous CubeSat attitude and orbit control using an onboard actuator. 

Conventional actuators were solely used either for attitude maneuver or orbit 

maneuver. In case of thrusters, multiple thruster heads are required in order to 

achieve both attitude and orbit maneuver. The proposed method uses onboard 

magnetic actuators, therefore no additional components are required, no 

deployments are required, no propellant is required, no attitude maneuver is required, 

while providing continuous acceleration profile. The proposed work especially 

contributes to small platforms such as CubeSats, where the previously mentioned 

advantages are necessary. The specific contributions are listed:  

 Plasma drag constellation, a novel method using magnetic plasma drag as 

differential drag is proposed. The interaction between onboard magnetic 

actuator and space plasma is used in order to produce magnetic plasma drag. 

The advantages of plasma drag constellation over conventional methods are: 

(1) no additional components are required; (2) no deployments are required; 

(3) no propellant is required; (4) no attitude control is required in changing 

the differential drag; and (5) continuous profile drag can be generated.  

 Plasma drag constellation is evaluated using analytical and numerical 

methods. A 1-D analytical solution is derived showing the relation between 

various parameters against the constellation deployment time. The 

numerical method uses phase and its rate in order to derive the relative 

motion of long distance satellites in a constellation. The numerical results 

on plasma drag constellation validates the analytical solution. 
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 Feasibility of plasma drag constellation is analyzed for CubeSat platforms. 

The upper bound of the constellation deployment time is derived from the 

perturbation of right ascension of the ascending node. The lower bound of 

the constellation deployment time is derived from the physical limitations 

of CubeSat platforms. A feasibility diagram regarding various CubeSat 

platforms is presented, which can be used in preliminary design of a system 

using plasma drag constellation.  

 A four-CubeSat plasma drag constellation example is formulated. The 

results successfully show the feasibility of plasma drag constellation on 

CubeSat systems.  

 Mitigation solution to geomagnetic torque is presented. A high-frequency 

polarity switching PD controller is proposed in order to cancel the 

geomagnetic torque while aligning the magnetic moment with the ram 

vector. Effect of the polarity switching frequency is examined.  

 The overall loss of magnetic plasma drag due to magnetic moment 

misalignment against ram vector and magnetic plasma drag transition due 

to polarity switching is examined. Numerical simulations on different 

switching frequencies are performed, which an optimal switching 

frequency for the proposed high-frequency polarity switching PD controller 

was found.  

 Future work in order to increase the technology readiness level of plasma 

drag constellation is discussed.  
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1.5. Dissertation outline 

This thesis presents the study on simultaneous CubeSat attitude and orbit 

control using interaction between magnetic actuator and space environment, 

especially on the application of constellation deployment. Chapter 2 presents the 

background on magnetic plasma drag and geomagnetic torque. Chapter 3 presents 

the methodology including analytical and numerical methods and mathematical 

models used throughout the thesis. The analytical and numerical results of plasma 

drag constellation analysis are presented in Chapter 4, and the feasibility analysis on 

the plasma drag constellation is presented in Chapter 5. Chapter 6 deals the 

geomagnetic torque mitigation due to the interaction between magnetic actuator and 

geomagnetic field. The high-frequency switching PD controller proposed for 

geomagnetic torque mitigation solution is evaluated. Lastly, Chapter 7 summarizes 

the thesis and discusses on the future work in order to increase the technology 

readiness level (TRL) of the novel technology. 
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Chapter 2  

Interaction between Magnetic Actuator  

and Space Environment 

This chapter introduces the background of the interaction between magnetic 

actuator and space environment. The interaction between magnetic actuator and 

space plasma results a drag force so-called ‘magnetic plasma drag force,’ which is 

used as the means of orbit maneuver in the magnetic plasma drag constellation 

deployment. Another interaction between magnetic actuator and geomagnetic field 

results an external torque on the satellite so-called ‘geomagnetic torque.’  

2.1. Magnetic Plasma Drag 

Magnetic plasma drag is a drag force as a result of the interaction between the 

magnetic field surrounding a satellite and space plasma. This section explains the 

background and introduces the fundamentals of magnetic plasma drag required in 

using magnetic plasma drag as orbit maneuver mechanism.  

2.1.1. Literature Review 

The idea of using the interaction between magnetic field and space plasma to 

generate force for interplanetary/interstellar travel was proposed as a magnetic sail, 

or a MagSail (Andrews and Zubrin, 1990; Zubrin and Andrews, 1991). The plasma 

source of MagSail is solar wind, which at a large distance the plasma wind density 

decreases. In order to overcome this issue, the MagSail requires a large 
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superconducting loop ranging from few tens of kilometers up to few hundreds of 

kilometers. A modified concept of MagSail was proposed in order to reduce the size 

of the sail utilizing electromagnetic field with plasma injection to reduce the required 

sail size and to provide a constant force regardless of the distance (Winglee, 2000). 

Feasibility studies on the MagSail were performed through magnetohydodynamic 

(MHD) simulations (Funaki et al., 2003; Nishida et al., 2005, 2006), Particle-in-Cell 

(PIC) simulations (Ashida et al., 2014), and experimental studies (Funaki et al., 

2007a, 2007b).  

However, the size of previously proposed MagSail is large as it has to capture 

the plasma from the solar wind. In order to further decrease the size of the system, 

magnetic plasma drag using ionospheric plasma instead of solar wind has been 

proposed (Inamori et al., 2015a, 2015b). Analytical analysis on the magnetic plasma 

drag (Matsuzawa, 2017) and PIC simulations using fully kinetic model (Kawashima 

et al., 2015, 2018) were performed. The study results showed that magnetic plasma 

drag can be utilized in deorbiting a CubeSat.  

The proposed method utilizes the results from magnetic plasma deorbit, in order 

to control the mean motion of the orbit of a nanosatellite for constellation 

deployment (Park et al., 2018). The rest of the chapter describes the background on 

the plasma drag force generated due to the interaction between magnetic actuator 

and the space plasma.  

2.1.2. Space Plasma Environment 

Satellites orbiting in the upper atmosphere of the Earth, typically at altitudes of 

high up to 800~1,000 km is exposed to space plasma (Barth, 2003; Belehaki et al., 

2009; Pisacane, 2008). At the higher altitudes of the atmosphere, known as 
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ionosphere, the exospheric temperature can rise as high up to 2,000 K due to excess 

of energy carried by Extreme Ultraviolet (EUV/XUV) during the daytime, and due 

to proton and electron precipitation during the nighttime (Belehaki et al., 2009, p. 

273; Pisacane, 2008). This causes ionization, dissociation, excitation and heating, 

resulting the ionosphere to be composed of various molecular ions (N2
+, NO+, O2

+), 

atomic ions (H+, N+, and O+), and electrons. 

 

Figure 12 Constituents of the atmosphere with respect to altitude. Solid line shows 

the daytime and dashed line shows the nighttime ion constituents. The figure shows 

the dominance of atomic oxygen (O+) (greater than 90%) at altitudes above 250 km 

during both daytime and nighttime.  
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Figure 13 Constituents of the atmosphere with respect to diurnal variations at 500 

km altitude. The density increases during the day due to the ionization due to 

interaction of solar extreme ultraviolet (EUV) radiation with atomic oxygen.  

In order to simulate the interaction between space plasma and the magnetic field 

of the spacecraft, space plasma environment must be modeled accordingly. The 

International Reference Ionosphere (IRI) is one of the models, which model the 

plasma environment (Belehaki et al., 2009; Bilitza et al., 2014). The ion and electron 

densities at the ionosphere can be acquired using the IRI with relative to the altitude 

and geolocation (latitude and longitude), as shown in Figure 12 and Figure 13.  

According to Figure 12 and Figure 13, it can be seen that atomic oxygen (O+) 

is dominant at orbit altitudes above 250 km to 800 km, which corresponds to general 

low Earth orbiting satellite orbit altitudes. Using this characteristics of LEO space 
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plasma environment, the space plasma environment is simplified by only 

considering atomic oxygen (O+) species throughout the study.  

Since the IRI requires heavy computation, it is difficult to use IRI for long term 

numerical analyses in the sensitivity analysis. In this research, the details of plasma 

number density at the local microscopic level is not of great interest, as the plasma 

model can be later improved. However, the macroscopic characteristics must be 

considered as the plasma number density distribution differs according to orbit 

altitude and condition of sun exposure, which may affect the constellation 

deployment characteristics. Therefore, a simplified IRI model is used in this study, 

which characterizes the macroscopic characteristics of IRI for faster computation.  

The simplified IRI model is given as Equation (1). 𝜌plasma, 𝜌plasma,0, 𝐴0, 𝑢, 

ℎ, ℎ0, and 𝐺0 denotes plasma number density, reference plasma number density, 

longitudinal scale factor, longitude, height, reference height, and height scale factor 

respectively. The values of 𝜌plasma, 𝜌plasma,0, 𝐴0, 𝑢, ℎ, ℎ0, and 𝐺0 are given in 

Table 4. 

Table 4 Simplified IRI model coefficients (ρplasma,0, h0, G0) for A0=1.435 (Matsuzawa, 

2017) 

Orbit 

altitude 

𝒉, [km] 

Reference 

height,  

𝒉𝟎, [km] 

Height scale 

factor, 

𝑮𝟎, [km] 

Reference density,  

𝝆𝐩𝐥𝐚𝐬𝐦𝐚,𝟎, [𝐦−𝟑] 

400 – 500 400 138.86         11 

500 – 600 500 150.52         11 

600 – 700 600 183.85   686    11 

700 – 800 700 225.45    98    11 

800 – 900 800 272.91     6    11 

900 – 1000 900 325.23         11 

1000 – 1000 381.86         11 
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𝜌plasma = 𝜌plasma,0 exp{𝐴0 cos(𝑢 + 𝜙)} exp (−
ℎ − ℎ0
𝐺0

) (1) 

 

The plasma number density is modeled by sectoring orbit altitude with 

reference plasma density and exponential terms in order to characterize the plasma 

number density distribution due to orbit altitude and the condition of sun exposure. 

The first exponential term describes the distribution due to condition of the sun by 

introducing the longitudinal term 𝑢  with a shifting factor 𝜙  for shape matching, 

and the second exponential term describes the distribution due to orbit altitude.  

  

Figure 14 Simplified IRI modeling the plasma number density depending on 

longitude and altitude. The solid lines show the simplified IRI model and the dotted 

lines show the retrieved data from IRI2012. The simplified IRI model is shifted by 

60 degrees (∅) for shape matching. 
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The simplified IRI model depending on longitude and orbit altitude is compared 

with the data retrieved from IRI2012 model, which is shown in Figure 14. The effect 

of orbit altitude and longitude (daylight) can be seen from the figure, with lower 

plasma number densities at lower orbit altitudes. Throughout the rest of the work 

presented in the thesis, the simplified IRI model is used in order to reduce 

computational cost during the numerical simulations.  

2.1.3. Magnetic Field Surrounding a Satellite 

Magnetic field surrounding a satellite is one of the key factors in magnetic 

plasma drag, as the magnetic field magnetizes the electrons with small Larmor radius 

(Kawashima et al., 2018). The details in the charged particle motion in electric and 

magnetic fields are described in the following section, while this section describes 

the magnetic field model surrounding a satellite used throughout the thesis.  

The magnetic field surrounding a satellite can be controlled using an onboard 

magnetic actuator such as a large coil. Motor divers such as H-bridge, which allows 

current to flow in either direction, typically drive the coils. Using H-bridge, current 

flow can be controlled while maintaining the required polarity. From the voltage 

level and coil properties, the current flow in the coil is decided. Coil characteristics 

such as number of turns, cross sectional area, core with current flow makes up the 

strength of the magnetic field that the magnetic actuator can generate.  

In this study, the magnetic actuator is modeled as a line dipole with the vector 

potential as shown in Equation (2). 𝜃 is the angle of the dipole with respect to the 

relative plasma flow as shown in Figure 15.  
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𝐴𝑍 =
𝜇0
 𝜋
𝑀𝑑(−𝑥 cos 𝜃 + 𝑦 sin 𝜃)(𝑥

2 + 𝑦2)−1 (2) 

 

 

Figure 15 Magnetic field generation due to on-board magnetic torquer of the satellite.  

Then, the two-dimensional magnetic field is calculated by using Equation (3).  

𝐵 = ∇  𝐴𝑍 (3) 

 

The magnetic field data around the satellite is generated based on Equation (3), 

which is then used for solving the electrostatic and electromagnetic forces. An 

example of the magnetic field around the satellite is shown in Figure 16. The 

parameters of the generated magnetic field is given in Table 5.  

x

y

θ

Relative 

plasma flow
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Figure 16 Magnetic field near a satellite due to the magnetic torquer. Parameters for 

the magnetic field is given in Table 2.  

 

Table 5 Conditions for example magnetic field data generation around a satellite for 

a line dipole model without external magnetic field. 

Magnetic field size 2 m x 2 m 

Number of grids 200 x 200 

Magnetic moment 15 Am2 

Angle of magnetic pole 0° 

External magnetic field 0 T 

Angle of external magnetic field 0° 

 

2.1.4. Charged Particle Motion in Electric and Magnetic Fields 

The electric and magnetic fields affecting charged particle motion in space 

plasma generate magnetic plasma drag as a result of momentum change in the 

charged particles.   
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The charged particle motion in electric and magnetic fields is described by the 

Lorentz force given in Equation (4).  

𝑚𝑠

𝑑�⃗�𝑠
𝑑𝑡

= 𝑞(�⃗⃗� + �⃗�𝑠  �⃗⃗�) 
(4) 

 

According to Equation (4), the charged particles are accelerated along the 

electric field. On the other hand the charged particles are accelerated along the cross 

product of the velocity of the charged particle and the magnetic field. This implies 

that if the perpendicular component of the magnetic field with respect to the velocity 

is large, charged particles with small Larmor radius can be temporarily captured, 

while the trajectory of charged particles with a significantly large Larmor radius will 

not be affected much. Under the same magnetic field and initial velocity, the Larmor 

radius, or the gyroradius, 𝑟𝑔, given in Equation (5), is larger depending on the electric 

charge and the mass of the charged particle. 

𝑟𝑔 =
𝑚𝑣⊥
|𝑞|𝐵

 
(5) 

 

As previously discussed in Section 2.1.2, only the 𝑂+  ions are considered, 

therefore under same conditions, the Larmor radius is affected only by the mass of 

the ions and the electrons.  
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2.1.5. Particle-In-Cell Simulation 

In order to acquire the magnetic plasma drag force due to the interaction 

between space plasma and magnetic field, the Particle-In-Cell (PIC) method 

(Kawashima et al., 2015, 2018) is used. The PIC method simulates by solving the 

full kinetic model of the ion and electron motions, which are accelerated by the 

electrostatic and magnetostatic forces. In the PIC method, multiple particles are 

bundled into a single macroparticle in order reduce the computational cost in 

performing the full kinetic model calculation. For a given magnetic field surrounding 

the satellite, electrostatic field calculation, ion motion calculation, and electron 

motion calculation is performed until convergence in the magnetic plasma drag PIC 

simulation.  

Table 6 Reference magnetic plasma drag PIC simulation parameters 

Magnetic moment of MTQ 15 Am2, 0 degrees 

Ion number density 1 1011 m-3 

Ion species O+ 

Ion temperature 1500 K 

Electron temperature 2500 K 

Relative plasma velocity 8 kms-1 

Satellite dimension 10 cm 

Physical grid size 2 m x 2 m 

Number of grids 200 x 200 (1 cm resolution) 

 

An in-house developed PIC simulator by Kawashima (Kawashima et al., 2015, 

2018) is used in calculating the magnetic plasma drag. A reference magnetic plasma 

drag is calculated using the PIC simulator, and the reference magnetic plasma drag 

force is used in order to yield plasma drag force at other conditions using parametric 

relations. The reference magnetic plasma drag is simulated using the parameters 
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given in Table 6, and the simulation results are given in Figure 17 and Figure 18. 

Figure 17 shows the history of plasma drag force calculation profile, which shows 

that the plasma drag force converges around 3 ms. Figure 18 shows the density field 

and the space potential of the PIC simulation respectively. The momentum exchange 

of the ions due to the space potential built up in front of the spacecraft can be seen 

in the figure.  

 

 

Figure 17 Magnetic plasma drag force from PIC simulation for given conditions in 

Table 6. 
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Figure 18 Ion number density field (left) and space potential (right) from PIC 

simulation for given conditions in Table 6.  

 

The parametric relations are expressed in relation with magnetic moment of the 

magnetic torquer, 𝑀𝑑, plasma number density, 𝜌plasma, and relative plasma velocity, 

𝑉, as given in Equation (6) (Matsuzawa, 2017).  

𝐹plasma =
𝑀𝑑
𝑀𝑑𝑠

𝜌plasma

𝜌𝑠

𝑉2

𝑉𝑠
2 𝐹𝑠 (6) 

 

The reference magnetic plasma drag parameters are given as, 𝑀𝑑𝑠 =    Am
2, 

𝜌𝑠 =   
11 m−3 , 𝑉𝑠 = 8    ms

−1 , and 𝐹𝑠 =   6     
−9 N  representing the 

reference magnetic moment, reference plasma number density, reference plasma 

velocity and corresponding reference plasma drag force respectively.  

PIC simulations are performed in order to evaluate the parametric relations of 

Equation (6). The PIC simulation results are shown in Figure 19 and Figure 20. 

According to PIC simulations on 𝑀𝑑  and 𝜌plasma  it has been confirmed that 
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plasma drag force follows Equation (6) as shown in Figure 19. In case of relative 

plasma velocity, linear relation was seen in the PIC simulations as shown in Figure 

20, which does not match Equation (6). In another study on MagSail, MagSail force 

had a relationship of 𝐹Magsail ∝ 𝑢𝑠𝑤
4 3⁄

 where 𝑢𝑠𝑤 is solar wind velocity (Funaki et 

al., 2007a). In case of the MagSail, solar wind was considered to be 400 km/s, which 

is outside the plasma velocity boundaries in low Earth orbit. Furthermore in a low 

Earth orbit, considering the reference plasma velocity of 8000 ms−1, the difference 

due to the plasma velocity term is about 6 % at 500 km and 1000 km. 
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Figure 19 Effect of Md (top) and ρplasma (bottom) on plasma drag force. Results show linear relationship of both parameters against 

plasma drag force.  
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Figure 20 Effect of plasma velocity on plasma drag force. Results show linear 

relationship. 

Considering the fact that the absolute variation is small and that the change rate 

of the velocity term is small compared to change rate in plasma number density as 

Equation (7), the velocity term is neglected.  

 

𝜌plasma

𝜕𝜌plasma

𝜕𝑎
≫

 

𝑉2
𝜕𝑉2

𝜕𝑎
 (7) 
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2.2. Geomagnetic Torque 

In the previous sections, only orbital elements were considered throughout 

plasma drag constellation. However, the alignment of magnetic torquer is important 

in plasma drag force. According to a study on the parameters of magnetic torquer on 

plasma drag force (Kawashima et al., 2018), plasma drag force decreased from 

magnetic torquer misalignment as shown in Figure 21.  

 

Figure 21 Dependence of the plasma drag force on the magnetic moment angle 

(Kawashima et al., 2018). 

Therefore, in order to accomplish plasma drag constellation with the 

constellation deployment time as analyzed in the previous sections, it is important to 

keep the magnetic torquer aligned with the velocity vector of the satellite, or so-

called the ram direction.  
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Figure 22 Geomagnetic torque depending on magnetic moment due to the interaction 

between magnetic actuator and geomagnetic field.  

However, in low Earth orbit, disturbance torque acts on satellite body due to the 

interaction between the magnetic torquer and geomagnetic field, as shown in Figure 

22. Actually, satellites used this interaction in order to dump out momentum for 

stabilizing a satellite since the early 1960s (White et al., 1961). However, if a 

magnetic field surrounding a satellite is uncontrolled, it will interact with the 

geomagnetic field, producing disturbance torque. This torque produced by the 

interaction between the magnetic torquer and geomagnetic field is described as 

Equation (8).  

𝜏mtq = �⃗⃗⃗�𝑑  �⃗⃗� (8) 

 

�⃗⃗⃗�𝑑 is the magnetic moment of the magnetic torquer and �⃗⃗� is the geomagnetic 

field. The unit of magnetic moment is [A ∙ m2] and the unit of magnetic field is 

[Wb ∙ m−2] or equally [kg ∙ s−2 ∙ A−1].  

b)

Ram 

direction

𝑀𝑑
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According to the IGRF (International Geomagnetic Reference Field) model, the 

ram vector and the geomagnetic field is unaligned, which will produce disturbance 

torque (Thébault et al., 2015). The disturbance torque is larger as the two vectors are 

misaligned and as the magnetic moment of the magnetic torquer is larger. 

Considering the large magnetic moment used in plasma drag constellation, the 

magnetic torquer will produce large disturbance torque not only resulting a 

misalignment in the ram vector, but could result unstable satellite attitude.  

Figure 23 shows the disturbance torque for a magnetic torquer with 1 Am2 

magnetic moment in a 575 km sun synchronous orbit aligned with the ram vector. It 

can be seen that the disturbance torque is irregular and must be always expected 

throughout the orbit.  

 

Figure 23 Disturbance torque of a 575 km sun synchronous orbit due to the 

interaction between magnetic actuator and geomagnetic field. The magnetic actuator 

is assumed to be aligned to the ram direction.  
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Chapter 3  

Methodology 

The principles of proposed plasma drag constellation deployment method and 

tools used in analyzing plasma drag constellation is introduced in this section. Two 

different tools are used in the study, one to investigate the plasma drag constellation 

deployment of relative spacecraft motion and another to investigate the combined 

dynamics of a spacecraft between attitude and orbit. The first part of the section 

discusses the plasma drag constellation concept. The second part of the section 

describes the analytical and numerical methods used in analyzing the orbit dynamics 

plasma drag constellation deployment. The last part of the section is dedicated in 

describing the numerical methods used in analyzing the combined attitude and orbit 

dynamics of a single spacecraft.  

3.1. Plasma Drag Constellation Concept 

Although many terminologies exist in describing a distributed satellite system 

(Poghosyan et al., 2016), this study focuses on regional inter-satellite distances, thus 

the proposed method is named ‘plasma drag constellation.’ The principle of plasma 

drag constellation deployment is similar to that of differential drag. Magnetic plasma 

drag force can be controlled by changing the magnetic dipole moment when using a 

magnetic torquer. In this case, the relative spacecraft motion can be controlled 

similar to the differential drag, however the magnetic moment of the magnetic 

actuator is varied instead of performing attitude maneuver. The specific orbital 
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energy decreases as the spacecraft is exposed to magnetic plasma drag, which as a 

result increases the mean motion of the orbit.  

 

Figure 24 Conceptual drawing of plasma drag constellation. a) Satellite 1 uses 

plasma drag to lower the semi-major, increasing the mean motion. b) Satellite 2 uses 

plasma drag to match the mean motion as the desired phase angle is achieved. c) 

Satellite 1 and satellite 2 have achieved the desired phase angle with the same mean 

motion.  

Consider two satellites, satellite 1 and satellite 2, at the same state, which must 

depart to deploy to a constellation. Neglecting external force other than magnetic 

plasma drag, as the mean motion of the two satellites are equal, the relative motion 

between the two satellites will stay constant. Actuation of magnetic actuator by 

satellite 1 will result an increase in the mean motion, resulting departure of satellite 

1 respect to satellite 2. As the mean motion of satellite 1 is larger than satellite 2, the 

phase angle will increase as time passes. Actuation of magnetic actuator by satellite 

2 as the desired phase angle is achieved will result the mean motion of the satellites 

to match, achieving the desired constellation. The conceptual drawing of plasma drag 

constellation is shown in Figure 24. 

Earth

𝑎1=𝑎2

Earth

𝑎1<𝑎2

a) b)

Earth

𝑎1=𝑎2
c)

Satellite 1 Satellite 2

𝑎1 𝑎2

Orbit altitude change Final phase angle
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The advantages of plasma drag constellation over previous methods includes 

the following features: No additional components are required, no deployment is 

required, no propellant is required, no intense attitude maneuver is required, and 

continuous acceleration profile can be generated. Additional components in a 

CubeSat is burdensome as CubeSats are limited in resources such as mass, volume, 

and power. Any additional component is most likely to take up these resources. 

However, magnetic plasma drag uses a magnetic actuator, which is already board in 

a CubeSat, therefore no additional components are required. As the magnetic 

actuator is a fixed actuator, no deployment required, which decreases risk of 

deployment failure. Magnetic plasma constellation uses the interaction between 

magnetic actuator and space plasma, which the magnetic actuator uses electrical 

power generated from the solar panels and the space plasma is present in the Earth’s 

ionosphere. Therefore, satellites do not require to board any propellant, reducing 

mass and increasing mission lifetime. The differential drag force can be generated 

by controlling the magnetic moment of the magnetic actuators, therefore attitude 

maneuver is not required for varying the differential drag, and furthermore the 

differential drag profile is continuous.  

A comparison between atmospheric drag and magnetic plasma drag is shown in 

Figure 25. It can be seen that magnetic plasma drag is within an order range of 

atmospheric drag, which has successfully flown in CubeSat missions (Foster et al., 

2016). Comparing differential drag using atmospheric drag and magnetic plasma 

drag, no attitude variations are required in changing the differential drag and 

furthermore continuous differential drag profile can be achieved. These sets of 

advantages make plasma drag constellation a promising method for CubeSats. The 

following sections introduce the methods and tools used in performing analyses on 

plasma drag constellation.  
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Figure 25 Comparison between atmospheric drag and magnetic plasma drag in low 

Earth orbit. Simplified Jacchia77 model with exospheric temperature of 1000 K is 

used for the atmospheric drag, and simplified IRI2012 model is used for the magnetic 

plasma drag. 

3.2. Analytical Method 

In order to perform an elementary analysis on plasma drag constellation time, a 

one-dimensional problem is formulated. The elementary analysis simplified the 

general orbit in order to obtain an analytical solution for preliminary constellation 

design analysis.  

In the elementary analysis, we consider a two-satellite circular orbit plasma 

drag constellation as shown in Figure 24.  
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The two satellites in a constellation can be modeled by using relative phase 

angle and its rate.  

Considering only the tangential specific force, 𝐹𝑇, the rate of change of semi-

major axis over time due to external force (Bate et al., 1971) is given as Equation 

(9), where a ,   , 𝑛 , and 𝑟  represent semi-major, eccentricity, mean motion, and 

radial distance respectively. 

𝑑a

𝑑𝑡
=
 a√ −  2

𝑛𝑟
𝐹𝑇 (9) 

 

If we assume that the orbit remains circular ( =  , 𝑟 = a ), Equation (9) 

becomes simplified to Equation (10).  

𝑑a

𝑑𝑡
=  √

a3

𝜇
𝐹𝑇 

 

𝑛 = √
𝜇

a3
 

(10) 

 

Taking the time derivative of the orbit angular speed and applying the chain 

rule, the relationship between angular acceleration and tangential specific force is 

retrieved as shown in Equation (11).  

𝑑𝜔

𝑑𝑡
=
𝑑𝜔

𝑑a

𝑑a

𝑑𝑡
=

𝑑 (√
𝜇
a3
)

𝑑a
( √

a3

𝜇
𝐹𝑇) = − 

𝐹𝑇
a

 

 

𝜔 = √
𝜇

a3
 

(11) 
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For the analytical study, if we assume that the initial and final semi-major is the 

same during the plasma drag actuation, the phase angle and its rate at an arbitrary 

time can be acquired by integrating Equation (11). Equation (12) shows the phase 

angle and its rate at an arbitrary time, 𝜏, with the subscripts denoting time.  

𝜔𝜏 = 𝜔0 −  
𝐹𝑇
a
𝜏 

 

𝜃𝜏 = 𝜃0 + 𝜔0𝜏 −
 

 

𝐹𝑇
a
𝜏2 

(12) 

 

Defining the transition time up to when Satellite 1 accelerates as 𝑡𝑡, then the 

phase angle and phase angle rate can be obtained by integrating Equation (13). The 

subscripts in the equation describes the state of the satellite and the time. 

𝜔1,𝑡𝑡 = 𝜔1,0 −  
𝐹𝑇
a
𝑡𝑡 

 

𝜔2,𝑡𝑡 = 𝜔2,0 

 

𝜃1,𝑡𝑡 = 𝜃1,0 +𝜔1,0𝑡𝑡 −
 

 

𝐹𝑇
a
𝑡𝑡
2 

 

𝜃2,𝑡𝑡 = 𝜃2,0 +𝜔2,0𝑡𝑡 

(13) 

 

The acceleration term is included only in the states related to Satellite 1, because 

only Satellite 1 is accelerating up until 𝑡𝑡 as shown in Figure 24a. 

Now defining the deployment time when the constellation is fully deployed as 

𝑡𝑑, Satellite 2 accelerates between 𝑡𝑡 and 𝑡𝑑 whereas Satellite 1 is coasting. Then, 

the satellite states can be expressed as Equation (14).  
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𝜔1,𝑡𝑑 = 𝜔1,𝑡𝑡 

 

𝜔2,𝑡𝑑 = 𝜔2,𝑡𝑡 −  
𝐹𝑇
a
(𝑡𝑑 − 𝑡𝑡) 

 

𝜃1,𝑡𝑑 = 𝜃1,𝑡𝑡 +𝜔1,𝑡𝑡(𝑡𝑑 − 𝑡𝑡) 

 

𝜃2,𝑡𝑑 = 𝜃2,𝑡𝑡 +𝜔2,𝑡𝑡(𝑡𝑑 − 𝑡𝑡) −
 

 

𝐹𝑇
a
(𝑡𝑑 − 𝑡𝑡)

2 

(14) 

 

The acceleration term is present only in the states of Satellite 2, as Satellite 1 is 

coasting, as shown in Figure 24b. 

Considering the constellation deployment sequence as shown in Figure 24, the 

boundary conditions at the initial and final state of the satellites are given as Equation 

(15). 

𝜃1,0 = 𝜃2,0 

 

𝜔1,0 = 𝜔2,0 

 

𝜔1,𝑡𝑑 = 𝜔2,𝑡𝑑 

(15) 

 

Substituting Equation (15) to Equation (13) and (14), the relationship between 

𝑡𝑑 and 𝑡𝑡 can be obtained as Equation (16).  

𝑡𝑑 =  𝑡𝑡 (16) 

 

Defining the phase angle difference between two satellites as 𝛿𝜃 = 𝜃1 − 𝜃2, 

the phase angle difference, the phase angle difference at deployment time can be 

obtained as Equation (17). 
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𝛿𝜃𝑑 = 𝜃1,𝑡𝑑 − 𝜃2,𝑡𝑑 = − 
𝐹𝑇
a
𝑡𝑡
2 (17) 

 

Substituting Equation (16) to Equation (17) and rearranging for 𝑡𝑑 , the 

deployment time for a desired phase angle difference can be obtained as Equation 

(18). The sign inside the square root of the equation is due to the negative 𝐹𝑇, as 𝐹𝑇 

acts counter ram direction for plasma drag force. 

𝑡𝑑 =  √−
a

 𝐹𝑇
𝛿𝜃𝑑   (18) 

 

For satellites with same physical properties, Equation (18) can be expressed in 

terms of magnetic moment, 𝑀𝑑, as shown in Equation (19). 𝐶 is an orbit averaged 

constant, which is obtained by substituting Equation (6) for 𝐹𝑇.  

𝑡𝑑 =  √−
a

 𝐶𝑀𝑑
𝛿𝜃𝑑   

 

𝐶 =
𝐹𝑇
𝑀𝑑

=
𝐹plasma

𝑚𝑀𝑑
=
 

𝑚

 

𝑀𝑑𝑠

𝜌plasma

𝜌𝑠

𝑉2

𝑉𝑠
2 𝐹𝑠 

(19) 

 

Example values of orbit averaged plasma drag force required for obtaining 𝐶 

is given in Table 7. 

Ion number density, 𝜌plasma, can be acquired using the simplified IRI model 

introduced in the previous section and the relative plasma speed can be obtained 

using the circular orbital speed of the satellite given in Equation (20). 
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𝑉 = √
𝜇

𝑟
 (20) 

 

Table 7 Example values of ρ ,V and corresponding plasma drag force for Md
 = 10 

Am2. Ion number density and plasma drag force is averaged about a single orbit. 

Orbit 

altitude  

Ion number density, 

𝝆𝐩𝐥𝐚𝐬𝐦𝐚 
Relative plasma 

speed, 𝑽 

Plasma drag 

force 

500 km    88    11 m−3  6   6 ms−1         −9 N 

600 km          11 m−3      9 ms−1 8      −9 N 

700 km   6      11 m−3        ms−1  9 9    −9 N 

800 km    988    11 m−3      8 ms−1        −9 N 

900 km     6    11 m−3        ms−1        −9 N 

1000 km          11 m−3        ms−1    6    −9 N 

 

3.3. Numerical Method 

In the previous section, an analytical solution was derived from circular and 

non-decaying orbit assumptions. Due to the assumptions, only a coarse estimation 

of the plasma drag constellation deployment time is possible and thus it is difficult 

to assess the detailed feasibility of plasma drag constellation on nanosatellites. 

Therefore, numerical simulations of plasma drag constellation are carried out in 

order to perform parametric studies on the parameters. This section describes the in-

house simulator and the plasma drag constellation control algorithm used during the 

numerical analysis. 
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3.3.1. Constellation Deployment Simulator 

The constellation deployment simulator is developed in order to simulate the 

plasma drag constellation deployment of the satellites in a constellation. The orbit 

dynamics of the satellites are solved numerically together with an embedded plasma 

drag controller for each of the satellites in order to achieve plasma drag constellation. 

The orbit dynamics, relative motion of the satellites, and the controller used in the 

constellation deployment simulator is described in detail.  

3.3.1.1. Orbit Dynamics 

An in-house simulator is used in order to perform a detailed assessment of 

various parameters on the feasibility of plasma drag constellation. Numerical model 

of the orbit is implemented, which is propagated using the fourth order Runge-Kutta 

integrator. Cowell’s method is used with plasma drag and atmospheric drag 

considered as external force acting on the satellite orbit dynamics. Other 

perturbations such as geopotential, solar radiation pressure, or third body is neglected 

as we are interested on assessing the tangential specific force. The dynamic model 

of the orbit is expressed in Equation (21). 

�̈� = −
𝜇

|𝑟|3
𝑟 + �̈⃗�plasma + �̈⃗�atmosphere (21) 

 

In the dynamics model of Equation (21), plasma drag can be acquired using 

Equation (6) and atmosphere drag can be acquired using Equation (22).  
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�̈�atmosphere = −
 

 
𝐶𝐷
𝐴cross
𝑚

𝜌atmosphere‖�⃗�𝑟‖
2
�⃗�𝑟
‖�⃗�𝑟‖

 (22) 

 

𝐶𝐷 is a non-dimensional drag coefficient of the nanosatellite set to 2.2, 𝐴cross 

is the cross-sectional area of the satellite set to 0.01 m2, �⃗�𝑟 is the satellite velocity 

vector, and 𝜌atmosphere is the atmospheric density. Similar to the IRI model, using 

an atmospheric model either requires a large table for atmospheric data or iterative 

calculation above the standard atmosphere.  

In order to reduce the computational burden, the atmosphere density is sampled 

as a small table, which is then linearly interpolated. Jacchia 1977 model with 

exospheric temperature of 1000 K is used as the reference density model. A 

comparison between the Jacchia 1977 model and the simplified atmosphere model 

is shown in Figure 26. 

 

Figure 26 Comparison of simplified atmosphere model with the Jacchia 1977 model. 

The exospheric temperature of the Jacchia 1977 model is set to 1000 K. 
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Throughout the numerical analysis, the satellite attitude is assumed such that 

the long axis is aligned with the ram direction, thus the cross-sectional area, plasma 

velocity, and magnetic moment remains as a constant. An overview of the in-house 

orbit simulator used in Table 8. 

Table 8 Overview of the in-house orbit simulator 

Parameter Method/model 

Simulation method Cowell’s method 

External force Plasma drag, atmospheric drag 

Integration scheme Fourth order Runge-Kutta (dt = 20 s) 

Atmospheric model Simplified atmosphere model 

Plasma model Simplified IRI model 

Satellite attitude Long axis aligned with ram direction 

 

3.3.1.2. Dynamic Model of Satellite Relative Motion 

In previous studies on distributed satellite systems, system was modeled 

through linearization derived from close-range assumptions (Bae and Kim, 2013; 

Capό-Lugo and Bainum, 2009). However, the system non-linearity error of the 

model will increase as the inter-satellite distance of the distributed satellite system 

increases, therefore Hill-Clohessy-Wiltshire equations cannot be used. In order to 

overcome such problem, the distributed satellite system state is modeled based on 

phase difference, 𝜃, and its rate, �̇�, instead of distance, as given in Equation (23).  

𝜃𝑖𝑗 = 𝜃𝑖 − 𝜃𝑗 
 

�̇�𝑖𝑗 = �̇�𝑖 − �̇�𝑗 
(23) 
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The subscripts 𝑖 and 𝑗 in the phase and its rate indicate the state of each of the 

specific satellite, whereas 𝑖𝑗 indicate the relative state between the two satellites.  

Then, assuming a non-perturbed circular orbit, the phase rate, which is equal to 

the angular velocity of the orbit, 𝜔, is described using the mean motion, given as 

Equation (24).  

�̇� = 𝜔 = √
𝜇

a3
 

(24) 

 

Then the phase acceleration, which is equal to the angular acceleration of the 

orbit can be obtained by taking the time derivative of the angular velocity of the orbit, 

given as Equation (25). 

�̈� = �̇� =
𝜕𝜔 

𝜕𝑡
= −

 

 
√
𝜇

a5
𝜕a

𝜕𝑡
 

(25) 

 

In Equation (25), the time derivative term of the semi-major axis is required. 

As the interest is control of the magnetic torquer in the distributed satellite system 

deployment, change of semi-major due to the plasma drag is considered. In this study, 

an analytical solution of plasma drag is used (Matsuzawa, 2017), which takes orbit 

energy loss after a single revolution, introduced in the Appendix. Using the analytical 

solution, the change in the semi-major axis over an orbit is given as Equation (26).  

∆aplasma = − 𝜋𝑘a
2 exp (−

a

𝐺0
) 𝐼0(𝐴0) 

 

𝑘 =
𝑀𝑑𝐹𝑠

𝑚𝑀𝑑𝑠𝜌𝑠𝑉𝑠
2 𝜌0 exp (

𝑟𝑜
𝐺0
) 

(26) 
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In Equation (26), a, 𝐺0, and 𝐼𝑛(𝑥) represents semi-major axis, height scale 

factor, and modified Bessel function of the first kind of 𝑛 respectively. 

Then, the averaged change rate of semi-major axis over orbit period 𝑇 can be 

obtained as in Equation (27).  

𝜕a

𝜕𝑡
≅
Δaplasma

𝑇
=
Δaplasma

 𝜋
√
𝜇

a3
 

 

𝑇 =
 𝜋

√𝜇
a
3
2 

(27) 

 

Substituting Equation (27) in to Equation (25), the phase acceleration can be 

expressed in terms of the change in semi-major axis due to plasma drag, as in 

Equation (28). 

�̈� = −
 

 
√
𝜇

a5
𝜕a

𝜕𝑡
= −

 

 
√
𝜇

a5
(
Δaplasma

 𝜋
√
𝜇

a3
) = −

 

 𝜋

𝜇

a4
𝛥aplasma (28) 

 

Regarding the magnetic moment of a magnetic torquer, if the magnetic torquer 

is assumed to be an electromagnetic coil, which the magnetic moment is linear to the 

input current. Then the magnetic moment can be expressed by the control input, 𝑢, 

and the maximum magnetic moment of the magnetic torquer, �̅�𝑑, as in Equation 

(29). In an actual satellite system, the magnetic torquer is controlled by duty-cycling 

the PWM (Pulse-Width Modulation) signal in to the H-bridge driver, which results 

in current control.  

𝑀𝑑 = �̅�𝑑𝑢   (|𝑢| ≤  ) (29) 
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Substituting �̅�𝑑 for 𝑀𝑑 in Equation (26), the control is given as Equation (30) 

and Equation (31).  

∆a̅plasma = − 𝜋�̅�a
2 exp (−

a

𝐺0
) 𝐼0(𝐴0) 

 

�̅� =
�̅�𝑑𝐹𝑠

𝑚𝑀𝑑𝑠𝜌𝑠𝑉𝑠
2 𝜌0 exp (

𝑟𝑜
𝐺0
) 

(30) 

 

𝛥aplasma = 𝛥a̅plasma𝑢   (|𝑢| ≤  ) (31) 

 

Then, using the phase and phase rate as the state of the distributed satellite 

system, the linear state-space of the dynamic model can be expressed as Equation 

(32). The subscripts 𝑖 and 𝑗 represent the  

�̇�𝑖𝑗 = 𝐴𝑖𝑗𝑋𝑖𝑗 + 𝐵𝑖𝑗𝑈𝑖𝑗 
 

𝑋𝑖𝑗 = [
𝜃𝑖𝑗

�̇�𝑖𝑗
] , 𝑈𝑖𝑗 = [

∆a̅plasma,𝑖𝑢𝑖
∆a̅plasma,𝑗𝑢𝑗

] 

 

𝐴𝑖𝑗 = [
  
  

] , 𝐵𝑖𝑗 = [
  
𝐵𝑖 −𝐵𝑗

] 

 

𝐵𝑖 = −
 

 𝜋

𝜇

a𝑖
4 , 𝐵𝑗 = −

 

 𝜋

𝜇

a𝑗
4 

(32) 

 

The system described in Equation (32) is controllable as the controllability 

matrix is full rank as shown in Equation (33).  

rank(𝑅) = rank[𝐵 𝐴𝐵] = rank [
  𝐵𝑖 −𝐵𝑗
𝐵𝑖 −𝐵𝑗   

] =   (33) 
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3.3.1.3. Constellation deployment controller 

In this study, the objective is to examine the feasibility of the plasma drag 

constellation deployment, thus the critical deployment time is the interest. 

Depending on the control, the phase could overshoot, which does not show the 

deployment characteristics described in Figure 24 or the elementary analysis in 

Section 2.3.1. Thus the critically damped control case is considered as deployment 

time, which the deployment characteristics describe Figure 24 or the elementary 

analysis. In the numerical analysis, LQR (Linear Quadratic Regulator) is used, as the 

critical deployment time can be acquired easily by tuning the cost function matrix.  

Defining the state 𝑋, and the control input 𝑈, the quadratic cost function, 𝐽, of 

an LQR is defined as Equation (34). 

𝐽 =
 

 
∫ (𝑋T𝑄𝑋 + 𝑈T𝑅𝑈)𝑑𝑡
∞

0

 
(34) 

 

The objective of LQR is to minimize the cost function 𝐽  over infinite time 

horizon with 𝑄 and 𝑅 each being weighing matrices for the state deviation and the 

control effort respectively. Examining Equation (34), for a same cost, if 𝑄 is large 

compared to 𝑅 the control effort will be larger, whereas if 𝑄 is small compared to 

𝑅 the control effort will be smaller. In this study, the default values of 𝑄 and 𝑅 are 

defined as Equation (35), where 𝜃𝑑 is the desired phase angle, and 𝜌𝑅 is a scaling 

factor for 𝑅 matrix. 

𝑄 = [
(     𝜃𝑑)

−2  

  10
] , 𝑅 = 𝜌𝑅 [

  
  

] 
(35) 
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The diagonal values of 𝑄 matrix is set such that the corresponding diagonal 

terms of 𝑋T𝑄𝑋 becomes similar at its regulated value. In this study, the settling time 

is considered to be when 98% of the desired phase angle has been achieved, while 

the phase rate converges to zero. In case of the diagonal values of 𝑅 matrix, there 

are no preferences in the actuation of the two satellites, therefore 𝑅  is set as an 

identity matrix. 

Before performing parametric study on plasma drag constellation, the effect and 

importance of 𝑅 matrix must be first considered. Depending on the 𝑅 matrix, the 

damping characteristics will change, which must be carefully selected for the plasma 

drag constellation to be described by the numerical analysis results. As discussed 

earlier, 𝜌𝑅 value in the 𝑅 matrix is varied in changing the gain while the 𝑄 matrix 

is fixed. Larger 𝜌𝑅 value will penalize control effort, which implies that large 𝜌𝑅 

will result an overdamped system property whereas small 𝜌𝑅  will result an 

underdamped system property. In the LQR, the states are defined as phase angle and 

phase rate, thus an underdamped system property will result an overshoot in the 

states, meaning the excess control. Therefore, in order to acquire constellation time 

as described in the elementary analysis in Section 2.1.2, critically damped case must 

be considered. Figure 27 shows the overdamped, critically damped, and 

underdamped system characteristics depending on 𝜌𝑅. 
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a)

b)
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Figure 27 Damping characteristics of plasma drag constellation depending on ρR. Md 

= 10, m = 1, and a) ρR = 1×10-1, b) ρR = 8×10-2, and c) ρR = 5×10-2 showing 

overdamped, near-critically damped, and underdamped system characteristics. The 

subgraph on the top shows the states (phase angle and phase angle rate), subgraph 

on the middle shows the orbit altitude, and the subgraph on the bottom shows the 

control input. 

It can be seen in Figure 27b that satellite 1 accelerates until the transition time, 

and satellite 2 accelerated from transition time until the deployment time as in the 

elementary analysis.  

c)
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3.3.2. Attitude Simulator 

The previously introduced plasma drag constellation simulator neglects the 

attitude dynamics as its purpose is to perform parametric study on the plasma drag 

constellation. However, external torque will be applied on a spacecraft using 

magnetic plasma drag, resulting change in the satellite attitude. The change in 

satellite attitude is critical in magnetic plasma drag, as magnetic moment 

misalignment with the ram vector results a loss in the drag force as previously 

explained in Section 2.2. The attitude and orbit dynamics, the controller, and 

calculation method of the loss in magnetic plasma drag is introduced in detail.  

3.3.2.1. Attitude and Orbit Dynamics 

In order to investigate the dynamics of satellite attitude due to disturbance 

torque when the magnetic torquer is actuated, a numerical simulation on attitude 

disturbance considering a large magnetic torquer is carried out. The attitude 

dynamics is expressed in Equation (36) and Equation (37), considering disturbance 

torque due to magnetic torquer.  

�⃗⃗⃗�𝑖 
   is the angular velocity of the satellite with respect to the inertial frame 

expressed in body coordinates, 𝐽 is the moment of inertia of the satellite, 𝜏mtq
  is 

the disturbance torque due to the magnetic torquer, �⃗⃗⃗�𝑑,𝑝
  is the magnetic moment of 

the primary magnetic torquer, and �⃗⃗�  is the geomagnetic field expressed in body 

coordinates.  

𝐽�̇⃗⃗⃗�𝑖 
 = −�⃗⃗⃗�𝑖 

  (𝐽�⃗⃗⃗�𝑖 
 ) + 𝜏mtq

  (36) 
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𝜏mtq
 = �⃗⃗⃗�𝑑,𝑝

  �⃗⃗�  

= [

𝑀𝑑,𝑝𝑥   

 𝑀𝑑,𝑝𝑦  

  𝑀𝑑,𝑝𝑧

] [

𝑢𝑥
𝑢𝑦
𝑢𝑧
]  �⃗⃗�  

= [
𝑀𝑑,𝑝𝑥𝑢𝑥

 
 

]  �⃗⃗�  (𝑢𝑥 =  ) 

(37) 

 

All external forces including plasma drag force is neglected in the orbit 

dynamics, as the interest is in the attitude of the spacecraft. Nevertheless, basic orbit 

dynamic shown in Equation (38) is considered in order to implement the change in 

geomagnetic field as the satellite orbits around the Earth.  

�̈� = −
𝜇

|𝑟|3
𝑟 (38) 

 

3.3.2.2. High-Frequency Polarity Switching PD Controller 

The geomagnetic torque due to magnetic actuator was introduced in Section 2.2. 

In order to maintain the magnetic moment aligned with the ram vector, geomagnetic 

torque must be regulated. Inspecting Figure 22, if the geomagnetic field is assumed 

to be frozen, instantaneously switching the polarity of the magnetic moment will 

produce equal but opposite torque cancelling out geomagnetic torque. The polarity 

switching of the magnetic actuator is described in Equation (39).  

𝜏mtq,𝑡 = �⃗⃗⃗�𝑑  �⃗⃗� 

 

𝜏mtq,𝑡+Δ𝑡 = (−�⃗⃗⃗�𝑑)  (�⃗⃗� + Δ�⃗⃗�) 

= (−�⃗⃗⃗�𝑑  �⃗⃗�) + (−�⃗⃗⃗�𝑑  Δ�⃗⃗�) 

(39) 
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In Equation (39), the polarity switching is described by the negative sign of the 

magnetic moment, and the change in magnetic field during the switching is 

expressed by Δ�⃗⃗�. For a very short switching period, Δ�⃗⃗� would approach to zero, 

which then the disturbance torque would approximately cancel out. 

While the polarity switching minimizes the geomagnetic torque, an active 

controller is required in order to keep the magnetic torquer aligned with the ram 

vector. In this thesis, the high frequency polarity switching using the primary 

magnetic actuator is combined with the classical PD controller (Wie et al., 1989) 

using the auxiliary magnetic actuators to form a hybrid switching PD controller. The 

classical PD controller is given in Equation (40). 

𝜏des = (−𝑘𝜔𝐽𝜔𝑒 − 𝑘𝑞𝐽𝑞𝑒) 

 

�⃗⃗⃗�des = −
𝜏des  �⃗⃗�

‖�⃗⃗�‖
2  (|𝑀des,𝑖| < 𝑀𝑑,𝑠𝑖) 

(40) 

 

𝜏𝑑𝑒𝑠 is the desired torque, 𝑘𝜔 and 𝑘𝑞 are PD gains, 𝜔𝑒 and 𝑞𝑒 are state error, 

𝐽 is the moment of inertia of the spacecraft, �⃗⃗⃗�des is the desired magnetic moment, 

and �⃗⃗� is the geomagnetic field. Since the small magnetic torquers are used, 𝑀𝑑,𝑠𝑖 

is limited to 0.2 Am2. The hybrid switching PD controller is given in Equation (41).  

�⃗⃗⃗�𝑑 = 𝑀𝑑,𝑝𝑥[𝜎freq   ]𝑇 + �⃗⃗⃗�des (41) 

 

𝜎freq  indicates a switching function, which the switching frequency is the 

frequency in the subscript.  
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3.3.2.3. Plasma Drag Force Loss Calculation 

Using the high-frequency polarity switching PD controller, the pointing 

accuracy of the magnetic moment with the ram vector, and the transition in magnetic 

plasma drag due to polarity switching will affect the overall plasma drag force. A 

loss function is defined in this section, in order to compute the overall loss 

considering the two factors.  

The magnetic plasma drag loss due to misalignment of magnetic moment with 

the ram vector, 𝐿align, in Figure 21 is modeled using 6th order polynomial fit, as 

shown in Figure 28.  

 

Figure 28 Polynomial fit of the magnetic plasma drag loss misalignment of magnetic 

moment with ram vector given in Figure 21. 
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The loss due to transition, 𝐿trans , of magnetic plasma drag due to polarity 

switching is modeled as Equation (42).  

𝐿trans =  −
 

𝑃switch
∫

𝐹plasma(𝜏)

�̅�plasma
𝑑𝜏

𝑃switch

0

 (42) 

 

Then, the overall loss of magnetic plasma drag, 𝐿total, is given as Equation 

(43).  

𝐿total =  − ( − 𝐿align)( − 𝐿trans) (43) 
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Chapter 4  

Plasma Drag Constellation 

This chapter examines the plasma drag constellation introduced in Section 3.1. 

An analytical expression of plasma drag constellation was derived in Section 3.2.  

4.1. General Aspects of Plasma Drag Constellation Time 

According to the analytical solution of plasma drag constellation time given in 

Equation (19), the constellation deployment time is inversely proportional to the 

square root of the magnetic moment of the magnetic actuator, and proportional to 

square root of the desired phase angle and satellite mass. That is, in order to decrease 

the constellation deployment time, the magnetic actuator must be larger, or the 

desired phase angle must be limited to smaller angles or the satellite must be lighter. 

Figure 29 shows the relation between plasma drag constellation deployment time 

with the magnetic moment, desired phase angle, and the initial orbit altitude.  

4.2. Parametric Study of Plasma Drag Constellation 

The analytical solution was derived from circular and non-decaying orbit 

assumptions. Therefore, numerical simulations are carried out in order to validate 

the analytical solution. 
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Figure 29 Analytical solution of plasma drag constellation time on magnetic moment for various orbit altitudes and desired phase 

angles (m = 1).  
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Furthermore, as part of the parametric study of plasma drag constellation, 

satellite mass, magnetic moment, desired phase angle, and initial orbit altitude were 

considered during the investigation. The parameters that were investigated are shown 

in Table 9.  

Table 9 Investigated parameters on plasma drag constellation 

Parameter Value 

Satellite mass 1, 3 kg 

Magnetic moment 1, 10, 30, 100 Am2 

Desired phase angle 5, 100 degrees 

Initial orbit altitude 500, 600, 700, 800, 900, 1000 km 

 

The results of the numerical simulations are shown in Figure 30. The numerical 

results show the same tendency, which the deployment time is proportional to the 

square root of desired phase angle, and inversely proportional to the square root of 

magnetic moment. However, comparing the numerical results with the analytical 

solution, a small difference in deployment time can be seen. The difference is due to 

the non-decaying assumption in the elementary analysis, whereas the maximum 

plasma drag force increases as the orbit decays in the numerical simulation due to 

increasing plasma number density at lower altitudes. Furthermore, additional 

account of aerodynamic drag force in the numerical simulation plays a role as 

differential drag due to neutral density difference between the two satellites exist. 
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Figure 30 Comparison between analytical solution (A) and numerical simulation results (N) of plasma drag constellation, 

depending on phase angle, altitude and magnetic moment on deployment time (m = 1).
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In order to validate the relation between satellite mass and deployment time, 

numerical simulations with satellite mass of 1 kg and 3 kg were performed. 

According to the numerical results, the deployment time ratio between 1 kg and 3 kg 

cases had a ratio of √   as in Figure 31. The numerical results agree with the 

elementary analysis result, which the deployment time was proportional to the square 

root of satellite mass.  

Lastly, numerical simulations were performed on different initial orbit altitudes. 

According to the elementary analysis, deployment time is related to the orbit altitude 

as both semi-major axis and plasma number density is related to orbit altitude. Figure 

32 shows the numerical simulation results of deployment time depending on the orbit 

altitudes. It can be seen that the deployment time has an approximately linear relation 

with orbit altitude. The linear approximation of orbit altitude with deployment time 

shows a 5% error at low Earth orbit ranging from 500 km to 1000 km. 
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Figure 31 Plasma drag constellation numerical simulation results of deployment time depending on the mass of the satellites. 
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Figure 32 Plasma drag constellation numerical simulation results of deployment time depending on the orbit altitude of the 

satellites (Md = 10 Am2 and m = 1).
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Chapter 5  

Plasma Drag Constellation Feasibility Analysis 

In the previous chapter, analysis on the plasma drag constellation revealed 

important relationship between the design parameters and the constellation 

deployment time. Depending on the magnetic moment, satellite mass, desired phase 

angle and the orbit altitude, the constellation deployment time ranged from few tens 

of days up to few years. Ideally, a large magnetic actuator will reduce the 

constellation deployment time, however large magnetic moment requires large mass, 

volume, and power. Therefore, it is important to perform an analysis on the practical 

aspects of the system in order to assess the feasibility. This chapter is dedicated in 

finding the feasibility regarding the size of the magnetic actuator, and the 

constellation deployment time. In this study, nanosatellites ranging from 1 to 3 kg, 

which corresponds to CubeSats ranging from 1 to 3 U are considered as the target 

system. 

5.1. Magnetic Moment of a Magnetic Actuator on a CubeSat 

Limitation in the feasibility of plasma drag constellation on a CubeSat system 

is the large magnetic moment, which is related to mass and power. When considering 

an electrical-coil type magnetic torquer, the magnetic moment is proportional to 

current, number of windings, and cross-sectional area. Taking the basic properties 

and using the dimensional relations (Inamori et al., 2015a; Lee et al., 2005; Mehrjardi 

and Mirshams, 2010) given in Equation (44) the feasible maximum magnetic 

moment for a given mass and power can be calculated.  
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𝑀 =
𝑟3

𝑟0
3𝑀0 

 

𝑀𝑑 =
𝑟2 5

𝑟0
2 5𝑀𝑑0 

 

𝑀𝑑 =
𝐼

𝐼0
𝑀𝑑0 

 

𝑊 =
𝐼2

𝐼0
2𝑊0 

(44) 

 

𝑀0, 𝑟0, 𝑀𝑑0, 𝐼0, 𝑊0 is the mass, core radius, magnetic moment, current, and 

power of the reference magnetic torquer respectively, and 𝑀, 𝑟, 𝑀𝑑, 𝐼, 𝑊 is the 

mass, core radius, magnetic moment, current, and power of the target magnetic 

torquer respectively. The values of the reference magnetic torquer is given in Table 

10. 

Table 10 Parameters of the reference magnetic torquer (Lee et al., 2005). 

Parameter Value 

Mass, 𝑀0 5 kg 

Magnetic moment, 𝑀𝑑0 186 Am2 

Power, 𝑊0 < 3 W 

 

Table 11 Parameters used in power margin estimation for 1 U CubeSat 

Parameter Value (per 1 U CubeSat) 

Solar irradiance 1367 W/m2 

Solar cell area 60.36 cm2 

Solar cell efficiency 26.5% (EOL) 

Total regulation efficiency 75% 

Sunlight proportion in orbit 60% 

Orbit average power margin 0.98 W 
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In the feasibility study, an arbitrary proportion of 50% of CubeSat resource is 

allocated for plasma drag constellation regarding mass and power. Available power 

is calculated based on 1U CubeSat as shown in Table 11.  

Table 12 Magnetic moment limitations due to mass and power requirements for a 

CubeSat 

Parameter 1U CubeSat 2U CubeSat 3U CubeSat 

Mass 0.50 kg 1.00 kg 1.50 kg 

Power 0.49 W 0.98 W 1.47 W 

Magnetic moment 6.2 Am2 15.9 Am2 27.4 Am2 

 

Allocating 0.49 W and 0.5 kg per unit CubeSat as available resource, the 

maximum magnetic moment of the primary magnetic torquer can be acquired as in 

Table 12. Within 0.5 kg resource allocated for magnetic actuator, two small auxiliary 

magnetic actuators are considered, which are generally used for control along with 

the primary magnetic actuator. In this study, the magnetic moment of the two small 

magnetic actuators are fixed to 0.2 Am2, which is a typical value of magnetic moment 

of commercially available CubeSat magnetic actuators.  

The maximum magnetic moment of the magnetic torquer in Table 12 yields the 

lower bound of deployment time, which defines the minimum time required for the 

desired constellation deployment as a CubeSat cannot have a larger magnetic 

actuator.  

5.2. Perturbation of Right Ascension of the Ascending Node 

The upper bound of the deployment time is derived from along-track alignment 

between the satellites in a constellation, as the constellation will lose its mission 
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capability as a satellite drifts away, as shown in an example in Figure 33. The 

numerical simulations performed in the previous chapters does not take account of 

the variation of RAAN (right ascension of the ascending node) of the orbit, which 

affects the along-track misalignment, as only the tangential specific acceleration is 

considered. However, in reality, perturbation such as geopotential, solar radiation 

pressure, or third body effect has effect on RAAN.  

According to variation of the classical orbital elements (Bate et al., 1971) in 

Equation (45), perpendicular force has effect on change in RAAN, which is the 

largest from the elements of geopotential. 

 

Figure 33 Satellite mission will be limited as the RAAN (right ascension of the 

ascending node) changes over time. Example shows the RAAN misalignment effect 

for SNUSAT-1 and SNUSAT-1b as it passes Central America.  

42733

Orbit #5464

RAAN 183.6583°

42727

Orbit #5476

RAAN 183.8255°

2018-5-12 02:39:52 UTC 2018-5-12 02:59:11 UTC

ΔRAAN = 0.1672°
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In the equation, Ω is the RAAN, 𝐹𝑤 is the perpendicular specific acceleration, 

𝑟 is the radial distance, 𝑢 is the argument of latitude, 𝑛 is the mean motion, a is 

the semi-major axis,   is eccentricity, and 𝑖 is inclination.  

dΩ

d𝑡
=

𝑟𝐹𝑤 sin𝑢

𝑛a2√ −  2 sin 𝑖
 (45) 

 

In order to investigate the upper bound related to along-track alignment, a full 

numerical simulation on orbit dynamics were performed when two satellites have a 

90-degree phase angle, to expose the satellites in different perturbing conditions. 

Additional perturbing forces that were considered are geopotential, third body due 

to moon and sun, and solar radiation pressure. In this study, the along-track alignment 

was considered to be in misalignment when the RAAN difference was larger than 

half the footprint angle of the satellite. Furthermore, a minimum 1-year mission 

lifetime after the constellation deployment was considered, therefore the allowable 

time for constellation deployment was set to be year shorter than the orbit plane 

collapse due to along-track misalignment. The constellation time upper bound results 

for low Earth orbits ranging 500 km to 1000 km are shown in Table 13.  

Table 13 Constellation orbit plane lifetime and allowable deployment time 

Initial orbit  

altitude 

Half  

footprint angle 

Time to orbit  

plane collapse 

Allowable  

deployment time 

500 km 20.3° 1.8 years (EOL) 292 days 

600 km 21.8° 3.89 years 1055 days 

700 km 23.1° 4.7 years 1351 days 

800 km 24.2° 5.18 years 1526 days 

900 km 25.2° 5.5 years 1643 days 

1000 km 26.0° 5.79 years 1749 days 
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Figure 34 Plasma drag constellation feasibility diagram showing feasible configurations for 1~3 U CubeSats at 500 km orbit. 

Green curve shows 1 U feasible limit, yellow curve shows 2 U feasible limit, and blue curve shows 3 U feasible limit along a 

specific condition.
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Combining the lower and upper bound of the feasibility study, a feasibility 

diagram of CubeSat plasma drag constellation can be presented as Figure 34. Figure 

34 shows an example of plasma drag constellation at a 500 km orbit altitude, with 

lower bound set from magnetic moment limit and upper bound set from orbit plane 

lifetime. Magnetic moment requirement of the magnetic torquer can be selected 

regarding target deployment time, or available resources for the magnetic torquer.  

5.3. Example of a four-CubeSat plasma drag constellation 

As an example of plasma drag constelation CubeSat with four CubeSat equally 

distributed along-track, a numerical simulation is performed as the parameters given 

in Table 14.  

Table 14 Plasma drag constellation configuration example 

Constellation parameter Value 

Number of CubeSats in constellation 4 

Desired phase angle between satellites 90 degrees 

Orbit altitude 500 km 

CubeSat platform 1 U (1 kg) 

Magnetic moment 6.2/0.2/0.2 Am2 

 

As previously introduced, the large magnetic torquer is used as plasma drag 

constellation actuation, whereas the small magnetic actuators are used for 

momentum dumping. The linear state-space representation is modified to configure 

four CubeSats in the constellation, as shown in Equation (46).  
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𝑋 =

[
 
 
 
 
 
 
𝜃12
𝜃23
𝜃34
�̇�12
�̇�23
�̇�34]
 
 
 
 
 
 

, 𝑈 = [

𝑢1
𝑢2
𝑢3
𝑢4

] 

 

𝐴 =

[
 
 
 
 
 
      
      
      
      
      
      ]

 
 
 
 
 

, 𝐵 =

[
 
 
 
 
 
    
    
    
𝐵1 −𝐵2   
 𝐵2 −𝐵3  
  𝐵3 −𝐵4]

 
 
 
 
 

 

(46) 

 

The controllability matrix of Equation (46) given in Equation (47) is full rank, 

therefore the system is controllable.  

rank(𝑅) = rank[𝐵 𝐴𝐵 𝐴2𝐵 𝐴3𝐵 𝐴4𝐵 𝐴5𝐵]

= rank

[
 
 
 
 
 
    𝐵1 −𝐵2   
     𝐵2 −𝐵3  
      𝐵3 𝐵4
𝐵1 −𝐵2       
 𝐵2 −𝐵3      
  𝐵3 −𝐵4     

 𝟎𝟔 𝟏𝟔

]
 
 
 
 
 

= 6 
(47) 

 

The constellation deployment results of the example scenario is shown in Figure 

35. The constellation deployment is achieved in approximately 220 days, which 

satisfies the criteria limited by the along-track deployment time requirements. Figure 

35b shows that the four CubeSats were successfully deployed equally apart with a 

90-degree phase angle between each other.  
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Figure 35 Plasma drag constellation example of four 1 U CubeSats at height of 500 

km, magnetic moment of 6.2 Am2 and 90 degree phase angle with ρR = 9×10-2. Figure 

35a) shows the state, altitude, and control input from top to bottom and Figure 35b) 

shows the CubeSats on the orbital plane. 

a)

b)
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Chapter 6  

Geomagnetic Torque Mitigation 

Due to the interaction between the primary magnetic actuator and the 

geomagnetic field, external torque acts on the satellite, resulting change in the 

attitude. This chapter uses the attitude simulator in order to perform a parametric 

study on the performance of high-frequency polarity switching PD controller on 

magnetic plasma drag loss.  

6.1. Transition Characteristics of Magnetic Plasma Drag due to 

Polarity Switching 

A PIC simulation is performed in order to investigate the plasma drag force 

characteristics for polarity switching. Two pre-calculated spacecraft magnetic field 

is used for simulating the transition. Initial magnetic field surrounding the spacecraft 

calculated using the first magnetic moment is used for the PIC simulation, and at a 

known time when the PIC simulation converges, the magnetic field surrounding the 

spacecraft calculated using the second magnetic moment is used. Figure 36 shows 

the two simulated magnetic field surrounding a spacecraft, which the polarity of the 

magnetic torquer are opposite to each other. The magnetic torquer angle is 0 degrees 

and 180 degrees. In the PIC simulation, the change in magnetic field is assumed to 

be instantaneous.  
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Figure 36 Two simulated magnetic field surrounding a spacecraft. Magnetic field 

surrounding a spacecraft when the magnetic torquer with a magnetic moment of 15 

Am2 angle is 0 degrees (left) and when the magnetic torquer with a magnetic moment 

of 15 Am2 angle is 180 degrees (right).  

From previous PIC simulations, the simulation case converged at 3 ms, 

therefore the polarity was switched at 3 ms. Figure 37 shows the magnetic plasma 

drag transition characteristics of a single polarity switching. 

According to the simulation result, it can be seen that the charged particle 

motion converges to its steady state after another 3 ms, and an important 

characteristic is that the plasma drag force is the same even when the polarity is 

switched. From the plasma drag characteristics, it can be known that the polarity of 

the magnetic torquer can be switched in high frequency of up to 330 Hz.  

a) b)
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Figure 37 Plasma drag force transition characteristics of a single polarity switching. 

The polarity of the magnetic torquer was switched at 3 ms after the PIC simulation 

had converged from its initial conditions. 

6.2. Effect of High-Frequency Polarity Switching 

The numerical results for constant magnetic moment initially aligned with the 

ram vector is shown in Figure 38. The parameters used in the simulation is given in 

Table 15.  

The angular velocity and attitude are represented against the navigation frame, 

which is defined by ram vector and the nadir vector. It can be seen that the 

accumulated disturbance torque eventually drives the satellite into an unstable state. 

Therefore, plasma drag constellation is not feasible when constant magnetic moment 

is applied to the magnetic torquer.  

Transition

Transition time 

constant: ~3 ms

3 ms 6 ms

   =  𝟏 ,  = 𝟎    =  𝟏 , = 𝟏 𝟎 
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Table 15 Parameters used in attitude disturbance analysis due to primary magnetic 

torquer in plasma drag constellation 

Parameter Value 

Moment of inertia, 𝐽 

[
     6   

      9  
       9 

]  kg ∙ m2 

Initial attitude Ram vector aligned 

Orbit 575 km SSO 

CubeSat platform 1 U (1 kg) 

Magnetic moment 6.2 Am2 

Geomagnetic model IGRF12 (6×6 order) 

Simulation time 10 days 

Integrator Fourth order Runge-Kutta  

Time step Fixed time step (time step varies) 

 

As a proof-of-concept of high frequency magnetic torquer switching a 

simulation is performed under same condition as Table 15, except the magnetic 

torquer is switched at 100 Hz. Consequently, the time step for the integrator is 

decreased to 0.01 s. As the change in magnetic characteristics of the magnetic torquer 

is assumed to be instantaneous, the time step is set equal to the magnetic torquer 

switching frequency. The simulation results of the high frequency polarity switching 

is shown in Figure 39.  
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Figure 38 Angular velocity and attitude simulation results for constant magnetic moment initially aligned with the ram vector. The 

attitude becomes unstable due to accumulated disturbance torque. 
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Figure 39 High frequency magnetic torquer polarity switching simulation at 100 Hz. Angular velocity decreased significantly, 

however the attitude is unstable due to the residual torque.



Chapter 6 Geomagnetic Torque Mitigation 

87 

The results show that the angular velocity has decreased significantly, however 

the attitude remains unstable. This is due to the accumulated residual torque, which 

is not removed as a consequent of the (−�⃗⃗⃗�𝑑  Δ�⃗⃗�) term in Equation (39).  

The proposed high-frequency polarity switching PD controller is used in order 

to remove the residual torque. The simulation result for the hybrid switching PD 

controller is shown in Figure 40. It can be seen that both angular velocity and attitude 

are stabilized. As previously discussed in Section 3.3.2.3, performance degradation 

of magnetic plasma drag exists due to ram direction alignment accuracy and 

transition characteristics of plasma drag force during polarity switching. Figure 41 

and Figure 42 shows the effect of switching frequency at 200 Hz and 50 Hz 

respectively. It can be seen that if the switching frequency is slow, the PD controller 

fails in stabilizing the attitude. On the other hand, the ram vector alignment accuracy 

is better when the switching frequency is 200 Hz. It can be seen that the ram direction 

alignment accuracy depends on the controller performance. According to the loss 

model in Section 3.3.2.3 the worst case of misalignment was around 8.5 degree at 

100 Hz switching frequency as shown in Figure 43a corresponding to a 0.8% 

misalignment loss. Assuming the transition time 3 ms with linear recovery for worst 

case analysis in Figure 21, performance loss of 7.8 % is expected at 100 Hz switching 

frequency. Coupling the ram direction alignment accuracy and the polarity switching 

effect, 8.5 % performance loss is expected.  
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Figure 40 Hybrid switching PD controller simulation results at 100 Hz. The hybrid controller is able to stabilize both angular 

velocity and attitude.  
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Figure 41 Hybrid switching PD controller simulation results at 200 Hz. The hybrid controller shows better attitude control 

performance than switching frequency at 100 Hz. 
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Figure 42 Hybrid switching PD controller simulation results at 50 Hz. The hybrid controller fails in stabilizing attitude due to 

large residual torque. 
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Figure 43 Dot product value of primary magnetic torquer vector and ram vector for 

hybrid switching PD controller. 

According to Figure 43b, the misalignment of ram vector at 200 Hz switching 

frequency is 1.2 degree. The performance loss due to ram vector misalignment is 

about 0.2 %, and performance loss due to the transition characteristics is 15.4 %. 

Coupling the ram vector misalignment and transition characteristics give over a 15.6 % 

performance loss. Comparing the performance loss with 100 Hz switching frequency, 

it can be seen that the switching characteristics has the most significant effect on 

performance loss in case of the hybrid PD controller. Therefore, in case of the hybrid 

PD controller, plasma drag constellation performance loss can be minimized by 

finding the optimal switching frequency. 

 

a) b)
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Figure 44 Evaluation of the loss function at different switching frequencies. An 

optimal switching frequency considering the overall loss can be seen at 100 Hz.  

Attitude simulation on high-frequency polarity switching controller was 

performed on switching frequencies ranging from 60 Hz to 300 Hz, as shown in 

Figure 44. According to the results, it can be seen that an optimal switching 

frequency exists near 100 Hz. However, an overall loss of about 8% exist, which is 

dominated by the switching loss. The overall loss can be minimized by designing an 

optimal controller by minimizing the switching while regulating residual torque.  
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6.3. Practical Consideration on High-Frequency Switching 

This chapter considered high-frequency polarity switching as the geomagnetic 

torque cancellation solution. However, Figure 37 shows that high-frequency polarity 

switching will generate a periodic acceleration profile. If the acceleration period 

matches with the resonance frequency of the CubeSat, high-frequency polarity 

switching could result structural failure. Figure 45 shows an example of modal 

survey result of a 2U CubeSat SNUSAT-1/1b.  

 

Figure 45 Modal survey result of a 2U CubeSat, SNUSAT-1/1b. Peaks at high 

frequency region can be spotted.  
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Although peaks in high-frequency region can be seen, it does not overlap with 

the optimal switching frequency from the previous section. However, if a CubeSat 

boards deployable parts such as booms with lower natural frequencies, resonance 

could become a problem. Therefore, high-frequency polarity switching PD controller 

must carefully be designed considering other aspects such as resonance.  
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Chapter 7  

Conclusions 

In the thesis, a novel CubeSat constellation deployment method is using the 

interaction between magnetic actuator and space environment. Spacecraft attitude is 

controlled using the torque generated due to the interaction between magnetic 

actuator and the geomagnetic field, whereas the orbit is controlled using the force 

generated due to the interaction between the magnetic actuator and the space plasma. 

Elementary analysis was performed as proof-of-concept, while numerical 

simulations were performed for concept validation and as part of a parametric study. 

System feasibility was investigated on CubeSat system regarding mass, power, and 

mission lifetime. Practical aspects of attitude disturbance due to large magnetic 

moment of the primary magnetic torquer was considered. A high-frequency polarity 

switching PD controller is proposed as attitude disturbance mitigation.  

4.1. Summary 

The main contributions and results of the dissertation is as follows:  

 A novel propellant-less CubeSat constellation deployment method using plasma 

drag is proposed. Due to the fact that the proposed constellation deployment 

method uses onboard magnetic torquers, no additional actuators are required. 

Plasma drag constellation covers the disadvantages of conventional 

constellation deployment methods. The superior characteristics of plasma drag 

constellation deployment over other methods include no additional actuator 
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requirement, no deployment requirement, no propellant requirement, and the 

drag force can be controlled without attitude maneuver requirements.  

 Elementary analysis on plasma drag constellation deployment was derived from 

orbital parameter investigation. Results from elementary analysis revealed the 

plasma drag constellation deployment property. The deployment time using 

plasma drag constellation was found to be proportional to square root of desired 

phase angle, proportional to square root of mass, and inversely proportional to 

square root of magnetic moment.  

 Numerical simulations on plasma drag constellation deployment is performed 

in order to carry out parametric study. Effect of magnetic moment of magnetic 

torquer, desired phase angle, satellite mass, and orbit altitude on deployment 

time is investigated. A linear quadratic regulator (LQR) with weighing matrices 

for critically damped case is used in order to compare the numerical simulation 

results with elementary analysis results. The numerical simulation results and 

elementary analysis results show same trends. Furthermore, it was able to 

characterize an approximate linear relationship between orbit altitude and 

deployment time in low Earth orbit between 500 km and 1000 km.  

 Feasibility analysis on CubeSat system using plasma drag constellation was 

performed. Upper and lower bound limitations on plasma drag constellation 

parameter were derived based on CubeSat resource allocation and mission 

lifetime. A specific example of mission lifetime due to variation in RAAN due 

to perturbation was examined. An example scenario with four CubeSats in a 

constellation using plasma drag was simulated. The simulation results showed 

successful deployment within the success criteria.  

 Practical problem concerning attitude disturbance due to interaction between 

magnetic field surrounding the spacecraft and the geomagnetic field is 
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considered. Due to the large magnetic moment of the magnetic torquer, 

relatively large torque is produced when the magnetic torquer vector and 

geomagnetic field vector is misaligned. Combined attitude numerical 

simulations showed the accumulated disturbance torque drives the satellite 

attitude to be unstable. As a mitigation, high frequency magnetic torquer polarity 

switching is proposed to cancel out the magnetic disturbance torque. Numerical 

simulation results of high frequency polarity switching showed significant 

improvement in angular velocity stabilization, failed in stabilizing attitude due 

to accumulated residual torque. Finally, a hybrid switching PD controller is 

proposed in order to stabilize angular velocity using high frequency switching 

while the PD controller regulates the residual torque.  
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Table 16 Recommended TRL definitions by NASA TRA Study Team (Hirshorn and Jefferies, 2016).  

TRL Definition Description Exit Criteria 

1 Basic principles 

observed and 

reported. 

Scientific knowledge generated underpinning 

hardware technology concepts/applications. 

Peer reviewed documentation of research 

underlying the proposed 

concept/application 

2 Technology Concept 

and/or application 

formulated. 

Invention begins, practical applications are 

identified, but are speculative. Neither an 

experimental proof nor detailed analysis is 

available to support the conjecture. 

Documented description of the 

application/concept that addresses 

feasibility and benefit. 

3 Analytical and 

experimental proof-

of-concept of critical 

function and/or 

characteristic. 

Research and development is initiated, including 

analytical and laboratory studies to validate 

predictions regarding the technology. 

Documented analytical/ experimental 

results validating predictions of key 

parameters. 

4 Component and/or 

breadboard validation 

in laboratory 

environment. 

A low-fidelity system/component breadboard is 

built and operated to demonstrate basic 

functionality in a laboratory environment. 

Documented test performance 

demonstrating agreement with analytical 

predictions. Documented definition of 

potential relevant environment. 

5 Component and/or 

brassboard validation 

in relevant 

environment. 

A medium-fidelity component brassboard, with 

realistic support elements, is build and operated 

for validation in a relevant environment so as to 

demonstrate overall performance in critical 

areas. 

Documented test performance 

demonstrating agreement with analytical 

predictions. Documented definition of 

scaling requirements. Performance 

predictions are made for subsequent 

development phases. 
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6 System/subsystem 

model or prototype 

demonstration in a 

relevant environment. 

A high-fidelity prototype of the 

system/subsystem that adequately addresses all 

critical scaling issues is built and tested in a 

relevant environment to demonstrate operational 

performance under critical environment 

conditions. 

Documented test performance 

demonstrating agreement with analytical 

predictions. 

7 System prototype 

demonstration in an 

operational 

environment. 

A high-fidelity prototype or engineering unit that 

adequately addresses all critical scaling issues is 

build and functions in the actual operational 

environment and platform (ground, airborne, or 

space). 

Documented test performance 

demonstrating agreement with analytical 

predictions.  

8 Actual system 

completed and “flight 

qualified” through 

test and 

demonstration. 

The final product in its final configuration is 

successfully demonstrated through test and 

analysis for its intended operational environment 

and platform (ground, airborne, or space). If 

necessary, life testing has been completed. 

Documented test performance verifying 

analytical predictions.  

9 Actual system flight 

proven through 

successful mission 

operations. 

The final product is successfully operated in an 

actual mission. 

Documented mission operational results.  
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4.2. Future work 

Throughout the study, a novel propellant-less CubeSat constellation 

deployment method has been proposed and the analysis results showed that the 

proposed method is feasible. The current status of maturity of the proposed research 

can be considered to be at a technology readiness level (TRL) of 2 (Hirshorn and 

Jefferies, 2016). The definition of TRL recommended by the NASA TRA Study 

Team is provided in Table 16. This section discusses on the future work in order to 

advance to higher TRL levels.  

4.2.1. In-depth study of disturbance torque cancellation 

Disturbance toque mitigation was proposed in Section 3.2, using hybrid 

switching PD controller. Disturbance torque from the primary magnetic torquer was 

minimized by high frequency magnetic torquer polarity switching and the 

momentum accumulated by the residual torque was dumped by a PD controller using 

secondary magnetic torquers.  

In the numerical simulations, external disturbance torque due to gravity gradient, 

solar radiation pressure, or aerodynamic drag was not considered, therefore 

additional investigation must be performed in order to verify the feasibility of 

disturbance torque cancellation.  

Furthermore, polarity switching characteristics of the magnetic torquer is not 

taken into account, which may affect the physics. Numerical and/or experimental 

study on the magnetic field surrounding a satellite effected by polarity switching 

must be conducted in order to further verify the feasibility of disturbance torque 

cancellation using high frequency polarity switching.  
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In the hybrid switching PD controller, the polarity is switched at a constant 

frequency without considering the residual torque due to switching. As the 

geomagnetic field model is predictive, switching can be optimized to minimize the 

switching effort, which will result minimal magnetic moment loss during polarity 

transition. An optimal control method must be further studied in order to minimize 

performance degradation from attitude disturbance mitigation.  

4.2.2. Advanced simple-IRI model development 

In the presented study, a simplified IRI model is used, due to heavy computation 

when using the IRI2012 model. However, in order to be able to use plasma drag 

constellation in space, the plasma number density model must use an adequate model 

that well represents the actual environment.  

4.2.3. Large MTQ interface development 

Conventional CubeSat magnetic torquers typically are designed to a magnetic 

moment of 0.2 Am2. In the presented study, larger magnetic torquers with an order 

larger magnetic moment is used. As large magnetic torquers require large mass and 

volume, study on methods utilizing CubeSat structure as core of magnetic torquer 

must be carried out. Adding a metallic core to a magnetic torquer will increase the 

magnetic moment of the magnetic torquer, which also saves mass and volume. As 

CubeSats are typically made in a skeletal frame, clustering multiple skeletal frame 

as a large magnetic torquer must be further investigated. 
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Appendix 

Analytical solution of magnetic plasma drag 

According to Equation (6), ion density number at each epoch is required in 

evaluating the magnetic plasma drag force. However, using the IRI model introduced 

in Section 2.1.2 requires heavy computation while the simplified IRI model requires 

phase matching. In order to avoid these issues, an analytical solution is used in order 

to evaluate the magnetic plasma drag force (Matsuzawa, 2017). This section provides 

necessary information of derivation of the analytical solution for the change in semi-

major axis.  

The analytical solution is derived by integrating the change rate of the semi-

major axis with respect to true anomaly of an orbit, given in Equation (A1).  

𝑑a

𝑑𝜈
= −

𝐹

𝑚

 a3( −  2)√ +   cos 𝜈 +  2

𝜇( +  cos 𝜈)2
 (A1) 

 

Then using Equation (1) and (6) in evaluating F, the change of semi-major axis 

about an orbit can be acquired by integrating true anomaly over one revolution as 

Equation (A2). The values of 𝐴0 and 𝐺0 can be obtained using Table 4 and the 

reference values given in Section 2.1.2.  

∆aplasma = − 𝑘a
2∫

( +   cos 𝜈 +  2)
3
2

( +  cos 𝜈)2
exp {𝐴0 cos(𝜈 + 𝜔)

2𝜋

0

−
a( −  2)

𝐺0( +  cos 𝜈)
} 𝑑𝜈 

(A2) 

 

where 𝑘 is given in Equation (A3). 
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𝑘 =
𝑀𝑑𝐹𝑠

𝑚𝑀𝑑𝑠𝜌𝑠𝑉𝑠
2 𝜌0 exp (

𝑟𝑜
𝐺0
) (A3) 

 

Assuming small eccentricity (  <      ) such that the  2  terms can be 

neglected, the Maclaurin series is used in order to simplify Equation (A2) as 

Equation (A4).  

∆aplasma = − 𝑘a
2∫ ( 

2𝜋

0

+  cos𝜈) exp {𝐴0 cos(𝜈 + 𝜔) −
a

𝐺0
( −  cos 𝜈)} 𝑑𝜈 

(A4) 

 

Rearranging the exponent term of Equation (A4) for cos 𝜈 and rewriting the 

function in the form of the sum of two harmonic functions, Equation (A4) can be 

written as Equation (A5).  

∆aplasma = − 𝑘a
2 exp (−

a

𝐺0
)∫ ( +  cos 𝜈) exp{𝛾 cos(𝜈 − 𝜙)} 𝑑𝜈

2𝜋

0

 (A5) 

 

where γ, sin𝜙, and cos𝜙 used in the sum of harmonic functions of Equation 

(A5) are given in Equation (A6).  

γ = √𝐴0
2 sin2𝜔 + (𝐴0 cos𝜔 +

a 

𝐺0
)
2

 

 

cos𝜙 =
𝐴0 cos𝜔 +

a 
𝐺0

𝛾
 

 

sin𝜙 = −
𝐴0 sin𝜔

𝛾
 

(A6) 
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For a circular orbit,   and 𝜙 terms in Equation (A6) are neglected, and the 

equation can be further simplified by using the modified Bessel function of the first 

kind of n as shown in Equation (A7).  

𝐼𝑛(𝑥) =
 

 𝜋
∫ exp(𝑥 cos𝜃) cos(𝑛𝜃) 𝑑𝜃
2𝜋

0

 (A7) 

 

Then, the simplified analytical solution of change in semi-major axis due to 

magnetic plasma drag around a revolution of circular orbit is given as Equation (A8). 

∆aplasma = − 𝜋𝑘a
2 exp (−

a

𝐺0
) 𝐼0(𝐴0) (A8) 
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본 논문에서 자기구동기-우주환경의 상호작용을 사용 한 큐브위성 

자세 및 궤도 동시 제어 기법을 서술한다. 최근 큐브위성의 군집운영이 

폭발적으로 증가하고 있지만, 큐브위성에 사용 할 수 있는 궤도배치 

기법은 큐브위성 특성상 많은 제약에 의해 한계가 있다. 본 논문에서는 

큐브위성의 궤도배치 한계를 극복하기 위해 자기구동기-우주플라즈마 

상호작용을 사용한 궤도 배치 기법을 제안한다. 자기구동기-

우주플라즈마의 상호작용에 의한 플라즈마 항력과 자기구동기-

지구자기장의 상호작용에 의한 토크를 활용하여 단일 구동기로 자세 및 

궤도를 동시에 제어 하는 점에서 기존 기법과 차별 점을 갖는다. 

자기구동기-우주환경의 상호작용을 사용하는 기법은 기존 기법과 

비교할 때 다음의 장점을 갖는다: (1) 추가 구동기의 불필요성; (2) 

전개의 불필요성; (3) 추진제의 불필요성; (4) 자세변경 불필요성; (5) 

항력 프로필의 연속성. 플라즈마 항력을 이용한 군집궤도 배치는 

큐브위성의 군집운영 능력을 부여하여 큐브위성 고유의 장점을 

부각시킨다.  

플라즈마 항력을 이용한 군집궤도 배치 분석을 위해 1 차원 해석을 

통해 궤도배치 소요시간의 일반해를 구하고, 수치해석을 통해 1 차원 

해석 해의 타당성을 증명한다. 1 차원 해석 결과 및 수치해석 결과로부터 

우주플라즈마 궤도배치 기법의 소요시간은 궤도 배치간격의 제곱근과 
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큐브위성 무게의 제곱근에 비례 관계이며 자기구동기의 자기모멘트의 

제곱근과 반비례 관계인 것을 도출 한다. 큐브위성 플라즈마항력 

궤도배치 기법의 실현성을 분석하기 위해 외력에 의한 군집궤도면 붕괴 

및 큐브위성의 유효자원을 고려하여 각 변수에 대한 유효 범위를 

설정한다. 설정 된 변수 유효범위 내에서 큐브위성의 플라즈마 항력을 

이용한 군집궤도 배치 실현 가능성을 보인다.  

플라즈마항력을 사용하기 위한 자기구동기 구동에 따른 인공위성 

자세교란 문제를 발견하고 해당 문제의 해결책으로 자기구동기의 고속 

극성 전환 제어기법을 제시한다. 고속 극성 전환 제어기법을 통해 

자세교란을 상쇄 시킬 수 있었으며, 극성 전환 주기에 따른 플라즈마 

항력의 손실을 분석한다. 비교적 저속 극성 전환은 토크 상쇄가 

충분하지 않아 자세제어 성능이 낮게 나타나 플라즈마항력 손실이 

발생하며, 반면 고속 극성 전환은 플라즈마항력 전이 과정에서 

플라즈마항력 손실이 발생한다. 최적 극성 전환 주기를 구하기 위해 

수치해석을 수행하고 이에 따라 약 100 Hz 극성 전환에서 최적점이 

존재하는 것을 보인다. 

 

…………………………………… 

주요어 : 자기구동기, 우주환경, 큐브위성, 자세제어, 궤도제어, 

동시제어 

학 번 : 2013-30199 

 


	Chapter 1 Introduction
	1.1. Background
	1.2. Motivation
	1.2.1. SNUSAT-1/1b
	1.2.2. SNUSAT-2

	1.3. Literature Review
	1.3.1. Differential drag
	1.3.2. High specific impulse thruster
	1.3.3. High-thrust thruster
	1.3.4. Requirements for novel CubeSat orbit maneuver

	1.4. Contribution
	1.5. Dissertation outline

	Chapter 2 Interaction between Magnetic Actuator  and Space Environment
	2.1. Magnetic Plasma Drag
	2.1.1. Literature Review
	2.1.2. Space Plasma Environment
	2.1.3. Magnetic Field Surrounding a Satellite
	2.1.4. Charged Particle Motion in Electric and Magnetic Fields
	2.1.5. Particle-In-Cell Simulation

	2.2. Geomagnetic Torque

	Chapter 3 Methodology
	3.1. Plasma Drag Constellation Concept
	3.2. Analytical Method
	3.3. Numerical Method
	3.3.1. Constellation Deployment Simulator
	3.3.2. Attitude Simulator


	Chapter 4 Plasma Drag Constellation
	4.1. General Aspects of Plasma Drag Constellation Time
	4.2. Parametric Study of Plasma Drag Constellation

	Chapter 5 Plasma Drag Constellation Feasibility Analysis
	5.1. Magnetic Moment of a Magnetic Actuator on a CubeSat
	5.2. Perturbation of Right Ascension of the Ascending Node
	5.3. Example of a four-CubeSat plasma drag constellation

	Chapter 6 Geomagnetic Torque Mitigation
	6.1. Transition Characteristics of Magnetic Plasma Drag due to Polarity Switching
	6.2. Effect of High-Frequency Polarity Switching
	6.3. Practical Consideration on High-Frequency Switching

	Chapter 7 Conclusions
	4.1. Summary
	4.2. Future work
	4.2.1. In-depth study of disturbance torque cancellation
	4.2.2. Advanced simple-IRI model development
	4.2.3. Large MTQ interface development


	Appendix Analytical solution of magnetic plasma drag
	Bibliography 
	초  록 


<startpage>22
Chapter 1 Introduction 1
 1.1. Background 2
 1.2. Motivation 7
  1.2.1. SNUSAT-1/1b 7
  1.2.2. SNUSAT-2 9
 1.3. Literature Review 9
  1.3.1. Differential drag 9
  1.3.2. High specific impulse thruster 13
  1.3.3. High-thrust thruster 15
  1.3.4. Requirements for novel CubeSat orbit maneuver 17
 1.4. Contribution 19
 1.5. Dissertation outline 21
Chapter 2 Interaction between Magnetic Actuator  and Space Environment 22
 2.1. Magnetic Plasma Drag 22
  2.1.1. Literature Review 22
  2.1.2. Space Plasma Environment 23
  2.1.3. Magnetic Field Surrounding a Satellite 28
  2.1.4. Charged Particle Motion in Electric and Magnetic Fields 30
  2.1.5. Particle-In-Cell Simulation 32
 2.2. Geomagnetic Torque 38
Chapter 3 Methodology 41
 3.1. Plasma Drag Constellation Concept 41
 3.2. Analytical Method 44
 3.3. Numerical Method 49
  3.3.1. Constellation Deployment Simulator 50
  3.3.2. Attitude Simulator 60
Chapter 4 Plasma Drag Constellation 65
 4.1. General Aspects of Plasma Drag Constellation Time 65
 4.2. Parametric Study of Plasma Drag Constellation 65
Chapter 5 Plasma Drag Constellation Feasibility Analysis 72
 5.1. Magnetic Moment of a Magnetic Actuator on a CubeSat 72
 5.2. Perturbation of Right Ascension of the Ascending Node 74
 5.3. Example of a four-CubeSat plasma drag constellation 78
Chapter 6 Geomagnetic Torque Mitigation 81
 6.1. Transition Characteristics of Magnetic Plasma Drag due to Polarity Switching 81
 6.2. Effect of High-Frequency Polarity Switching 83
 6.3. Practical Consideration on High-Frequency Switching 93
Chapter 7 Conclusions 95
 4.1. Summary 95
 4.2. Future work 100
  4.2.1. In-depth study of disturbance torque cancellation 100
  4.2.2. Advanced simple-IRI model development 101
  4.2.3. Large MTQ interface development 101
Appendix Analytical solution of magnetic plasma drag 102
Bibliography  105
초  록  114
</body>

