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Abstract

The attitude control system is one of the most important systems for satellites, which

is essential for the satellite’s detumbling, pointing, and orbital maneuver. The conventional

attitude control system consists of magnetorquers, reaction wheels, and thrusters. Among

these actuators, magnetorquers are widely used for satellite detumbling and attitude control,

especially for small satellites and CubeSats. It consumes zero propellant compared with

thrusters and has a high chance of survival compared with the reaction wheel as it does not

contain any moving parts, which makes them last longer in harsh environments.

Conventional magnetorquers utilize air or soft magnetic materials, e.g., iron and alloys, as

core, and the magnetic field is generated by feeding the electric current to the wrapped solenoid.

Due to the power limit of the small satellites, the magnetic field strength is strictly limited,

and the continuous current supply results in massive energy consumption for detumbling and

other attitude adjustment missions. The long copper wire of the solenoid will also result in

high resistance and generate significant heat. To improve the current design and overcome

the proposed drawbacks, a novel electro-permanent magnetorquer has been designed and

developed in this thesis as one actuator of the attitude control system. Unlike conventional

magnetorquers, the electro-permanent magnetorquer utilizes hard magnetic materials as the

core, which can maintain the magnetization when the external magnetic field is removed,

to generate the required magnetic field. A special driving circuit is designed to generate

the desired dipole moment for the magnetorquer, and the components used for the circuit

are carefully selected. The experiments show that the electro-permanent magnetorquer can

generate 1.287 Am2 dipole moment in either direction. The magnetorquer works in pulse

mode to adjust the dipole moment, and it requires around 0.75 J energy maximum per pulse.

A single-axis detumbling experiment has been conducted using only one torque rod on the

air-bearing table inside an in-house manufactured Helmholtz cage. The experiment results

show that the magnetorquer can detumble the air bearing table with 0.0612 kgm2 moment of

iv



ABSTRACT v

inertia from an initial speed of around 27 °/s to zero within 800 s, and total energy of 82.92

J was consumed for the detumbling experiment. A single torque rod single-axis pointing

experiment has been conducted with a sliding mode controller on the same platform. The

results show that a single torque rod can achieve the target angle and maintain the error

discrepancy within the ±0.4 ° boundary under a specific system configuration.

A micro air-fed magnetoplasmadynamic thruster has been designed and tested as another

attitude control system actuator. The thruster is a miniaturized electric propulsion system

based on the conventional full-scale magnetoplasmadynamic thruster that operates at hundreds

of kilowatts. The thruster is designed and tested using normal air as the propellant under

the pulse operation mode on a calibrated micro-force measurement thruster stand. The

experiments revealed that the thruster could generate a 34.534 µNs impulse bit with an

average power input of 1.857 ± 0.0679 W and thrust to power ratio of 8.266µN/W. The

specific impulse is calculated to be 2319 s with a thruster efficiency of 9.402%, which is quite

competitive compared with other solid-state and liquid-fed pulse-mode thrusters. This paper

presents the design and test results for the thruster under a low power level, as well as an

analysis of its problems and limitations with corresponding future research and optimization

directions noted at the end.

The electro-permanent magnetorquer as a payload of the CUAVA-2 satellite mission has

been introduced in this thesis. The design considerations and adjustment based on the require-

ment of the CUAVA-2 has been introduced in detail. A simple sliding mode controller has been

developed to achieve three-axis attitude control using both electro-permanent magnetorquer

and the micro air-fed magnetoplasmadynamic thruster. The controller’s performance has

been tested using MATLAB-based simulation with the experimentally obtained performance

parameters and some assumptions. The results show that the smart attitude control system

can achieve ±0.005 ° pointing error discrepancy with the help of both actuators.
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CHAPTER 1

Introduction

The attitude determination and control system (ADCS) is essential for satellites. One of the

most common attitude control methods utilizes a reaction/momentum wheel and the law of

conservation of angular momentum. A motor connects to the wheel and accurately controls

the wheel’s angular speed and acceleration. Due to the conservation of angular momentum,

the satellites gain angular momentum. The other prevalent attitude control method is thrusters,

relying on Newton’s Third law of motion. The satellites accelerate and eject mass in the

opposite direction to gain linear momentum in the desired direction. Instead of using the

conservation of momentum, another commonly used attitude control method, magnetorquer,

utilize the electromagnetism interactions with Earth’s magnetic field to obtain torque, which

is one of the subjects of this thesis.

Magnetorquer relies on the interaction between an artificially generated magnetic field and

Earth’s magnetic field. The basic working principle of the magnetorquer is shown in Fig. 1.1.

The current passing through a solenoid with air or ferromagnetic material as the core generates

its own magnetic field line. This magnetic field will try to align with Earth’s magnetic field B,

generating torque described by this equation:

T⃗ = m⃗× B⃗ (1.1)

Once the magnet is aligned with the external magnetic field direction (θ = 0), it cannot gener-

ate any torque. Therefore a magnetorquer system typically consists of 2 or 3 perpendicularly

placed solenoids together with a driving and control circuit to ensure that there are always at

1
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least two solenoids fully functional. The direction and strength of the generated magnetic

field can be fully controlled by controlling the current passing through the solenoid.

N

S

θ

Earth magnetic field B

FIGURE 1.1. Magnetorquer working principle.

One significant advantage of magnetorquer is that it sources the momentum from the Earth

and does not consume either propellant or momentum margin from the reaction wheel. It

is crucially important as these are limited satellite resources and are usually designed for

other dedicated missions. For example, when the reaction wheel reaches its maximum

angular speed, it becomes saturated and cannot compensate for any more extra momentum.

Furthermore, suppose the satellites obtained too high initial angular momentum after being

deployed, beyond the momentum margin of the reaction/momentum wheel. In that case,

they rely on magnetorquers or thrusters to dissipate the momentum and desaturate. Another

advantage is that the magnetorquer has no moving parts and can operate as long as the solar

panel is functional. This gives the magnetorquer higher reliability and durability than thrusters

and reaction wheels.

However, for small satellites, such as CubeSats, the performance of the magnetorquers, if

any, is strongly limited due to the power, size, and weight restrictions. Identical to a solenoid

electromagnet, the power limits the maximum electric field it can generate, and the size and

weight restrict the thickness and turns of the copper coil can be used. In addition, due to the

nature of the electromagnets, it requires a continuous power supply to generate the magnetic

field, which exerts a non-negligible pressure on the satellites’ power system. Besides, the
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solenoid will generate heat while operating, and a thermal control consideration is also

required when designing the magnetorquer, which brings more complexity.

As one of the most famous actuators for space projects and applications, sometimes propulsion

systems are directly linked to the space mission when discussing space-related topics. For

example, launching rockets is the only way humans send satellites to space to date, and the

most crucial component for them is the thruster. Satellites decrease their altitude due to

atmospheric drag force from the collision between satellite bodies and air molecules. They

rely on thrusters to overcome this force to maintain the orbit.

Propulsion systems for satellites are different from those for rockets. Since the total forces

applied to satellites reaches equilibrium while the satellites are orbiting, a tiny force will

break the equilibrium and change the satellites’ attitude. Therefore most of the propulsion

systems for satellites are designed to be working on providing small but accurate thrust force.

Since the thrusters generate thrust force by ejecting material, the propellant that satellites can

carry is strictly limited. Usually, thrusters for satellites have higher efficiency than rockets.

Common types of thrusters for satellites include chemical thrusters, cold gas thrusters, resistor

jets, electrospray thrusters, and plasma thrusters.

Thrusters for satellites can be categorized into two main types: chemical thrusters and electric

thrusters. Chemical thrusters utilize chemical energy to accelerate the propellants, and electric

thrusters utilize electrical energy to accelerate and propel propellants to gain kinetic energy.

Among the two thruster types, the electric thruster has become increasingly popular thanks

to its controllable power consumption and high propellant efficiency. Due to the power and

size limit, most high-power electric thrusters are not applicable for small satellites. Pulsed

plasma thrusters (PPTs), however, become a competitive candidate as the propulsion system

for small satellites thanks to their shallow power requirement, relatively high thrust force, and

efficiency. Considering the low power requirement, relatively easier driving circuit design,

and control methods, a type of pulsed plasma thruster is chosen to be part of the actuator for

small satellite attitude control in this thesis.
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1.1 Thesis aim and structure

Low Earth Orbit (LEO) based small satellites have significant advantages in communication,

remote sensing, earth observation, and constellation-based applications. [128, 70, 115, 24]

Their relatively low cost and short development and test cycle compared with large satellites

make them a cost-effective and powerful tool for today’s space missions. LEO is generally

defined as orbits lower than 1000 km above sea level. [85] The relatively low altitude makes

the communication latency between the ground station and satellites remarkably shorter than

those operating in geosynchronous equatorial orbit (GEO). However, despite the advantages

of LEO-based satellites, such low altitude brings new problems and challenges. For example,

as the orbit is too close to the Earth, the air molecule density increases, introducing a higher

atmospheric drag force. The relatively faster orbiting speed makes this problem worse.

However, every coin has two sides. The higher air molecule density makes it possible to collect

them as the propellant for the PPTs for orbital maneuver and attitude control. The Earth’s

magnetic field strength is stronger at a lower altitude, giving more room for magnetorquers to

perform attitude control. Considering the problems and shortages of the current magnetorquer

technology and the great potential and advantages of the LEO-based small satellites missions,

this thesis aims to develop and test a novel smart attitude control system consisting of

an Electro-Permanent Magnetorquer (EPM) and a micro Air-fed Magnetoplasmadynamic

Thruster (µAf-MPDT). Unlike the conventional magnetorquer made with solenoid with

different material as the core, the EPM utilized a novel programmable permanent magnet

as the magnetic field source to interact with Earth’s magnetic field. The new EPM features

higher torque performance, lower power consumption, low thermal stress, and faster response

than conventional magnetorquer. The µAf-MPDT is an ultra miniaturized plasma thruster that

combines the merits of PPTs’ low average power requirement and magnetoplasmadynamic

thrusters’ high efficiency and thrust force. The thruster nozzle is designed to be a tiny cylinder

with a nine mm diameter and eight mm length that can be embedded into CubeSat’s frame

for ultra-accurate attitude control and orbit maneuver. Air is chosen as the propellant for the

thruster for the direct compatibility with the potential air-breathing propulsion system.
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The thesis is structured as follows. In Chapter 2, the background, history, the latest techno-

logies, and satellite missions will be introduced and reviewed for both magnetorquer and

thruster technologies. The performance of each actuator will be compared, and the innovative

design will be analyzed and discussed.

Chapter 3 will describe the design, development, and test of the EPM in great detail, followed

by a simple controller design and experimental verification to prove the ability to use the

EPM for de-tumbling and pointing mission objectives.

Chapter 4 will detail the design, development, and performance evaluation of the µAf-MPDT.

A comparison between µAf-MPDT and other similar thrusters will be concluded at the end of

the chapter, followed by the suggested future research direction.

Chapter 5 will describe the design and considerations of the EPM as payload for the CUAVA-

2 satellite mission. The mission requirement, objective, platform restrictions, and design

adapted for the CUAVA-2 satellite will be detailed.

Chapter 6 will demonstrate the simulation results of using the smart attitude control system as

part of the ADCS for the CUAVA-2 mission. A simple controller that utilizes both the EPM

and µAf-MPDT will be designed, and simulation results, including de-tumbling and pointing

mission objectives, will be demonstrated using this controller.

Chapter 7 will conclude the work that has been done in this thesis. Future research direction

and potential improvements will be highlighted at the end of this chapter.



CHAPTER 2

Literature review

Thanks to the rapid development of miniaturization technology, including integrated circuit

(IC), microelectromechanical systems (MEMS), and additive manufacturing, the development,

and evolution of small satellites, including microsatellites (total mass from 10 to 200 kg) and

nanosatellites (total mass from 1 to 10 kg), has been accelerated. More than 552 NanoSats,

including 500 CubeSats, less than 10kg in weight, have been launched successfully in only

three years, from 2013 to the end of 2016 [137]. Most of the small satellites launched are

placed in LEO, specifically the Sun-Synchronous and Non-Polar Inclined orbits, as they

provide consistent light conditions over the Earth’s surface, and also because the price per kg

($/kg) is lowest compared to other orbits [69].

Due to the nature of the LEO, the communication signal delay is significantly shorter than in

other higher orbits. Since it is exceptionally close to the Earth’s surface, the image taken in the

LEO provides higher resolution and richer details with an even cheaper camera and imaging

sensor. Therefore LEO satellites are primarily used for providing low latency communication

services and Earth observation. However, these mission objectives require high pointing

accuracy and an assertive attitude control system as the period for one complete orbit for

LEO is within the range of around 90 - 128 minutes, according to Kepler’s third law. Some

nanosatellite mission deployed by companies and organizations even requires ultra-high

pointing and stabilization, which exert intense pressure on the ADCS.

To achieve high pointing and stabilization, not only the attitude determination system shall

provide accurate, reliable, and stable position data, but a robust actuator is also mandatory

to overcome the disturbance act on the satellites. Standard microsatellite actuators include

magnetorquer, gravity gradient boom, wheel-based actuator, and thruster. The working

6
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principle for magnetorquer and wheel-based actuator are introduced in the previous chapter.

The gravity gradient boom is a passive stabilization system utilizing the gravity field around

the Earth and the tidal force to align the satellite-deployable boom system towards the

Earth, which is not attractive to this thesis. The following two sections will introduce and

summarize the history, categories, and latest development status of the magnetorquer and

thruster technologies.

2.1 Magnetorquer

As introduced in the previous chapter, magnetorquer is a type of electromagnet that can be

controlled to interact with Earth’s magnetic field to generate torque. The concept of the

magnetorquer was firstly proposed by Kamm, LJ back in 1961 [61]. Kamm proposed an

attitude control motor consisting of three orthogonal coils to generate the magnetic field, a

three-axis magnetometer to measure the Earth’s magnetic field, and a computer to handle

the sensor data and calculate the required current to each coil. The topology is identical to

today’s magnetorquer system, and Kamm concluded that the system is simple, lightweight,

and does not consume propellant [61].

Magnetorquer is exceptionally useful in LEO because of the negligible decay of the Earth’s

magnetic field at that altitude. There are three major types of magnetorquers being widely

studied and used: air core magnetorquer, torque rod magnetorquer, and embedded coil

magnetorquer. Each of them has its advantages, drawbacks, and design considerations.

2.1.1 Air core magnetorquer

Air core magnetorquer is a type of simplest magnetorquer consisting of copper wire winding

and frame structure without any core in the middle. Fig. 2.1 shows a commercially available

air core magnetorquer made by ISISPACE as part of its product "iMTQ Magnetorquer Board"

[53]. In some specific cases where the size and weight budget for magnetorquer are extremely

tight, the copper wire winding can be used as a "frame" after being treated with epoxy or

adhesives, and the physical frame structure is not mandatory in this case. Fig. 2.2 shows
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the commercial product of a compact air core magnetorquer with only 7.5 g and 3.2 mm

thickness.

FIGURE 2.1. iMTQ Magnetorquer air core magnetorquer [53]

FIGURE 2.2. EXA MT01 Compact Magnetorquer [38]

The air core magnetorquers are usually used in combination with torque rod magnetorquers

as they are generally thin on the vertical axis, which makes it possible to be mounted on the

back of the solar panel board or magnetorquer controller board. The air core magnetorquer

has zero residual induction after removing the power supply. In contrast, residual induction

is a non-negligible problem for torque rod magnetorquer, especially for those using iron or
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ferromagnetic material as the core. This will be introduced later in Chapter 3. The model of

the air core magnetorquer is relatively simple as the air core magnetorquer can be treated as a

solenoid with variable core diameter, wire diameter, and turns of wire, whose dipole moment

can be written as:

m = nIS (2.1)

where m is the dipole moment of the magnetorquer, n is the turns of the loop of the wire,

I is the electric current supplied, and S is the area of the coil. However, when designing

the air core magnetorquer, there are several things to consider. Firstly the copper wire

diameter shall be considered as thicker wire allows more current to pass through and provides

lower resistance per unit length. However, using thicker wire increases the total mass of the

magnetorquer when the turns of wire increase. Secondly, the turns of wire, which is the n in

Eq. (2.1), shall be determined. As for an air core magnetorquer with fixed wire thickness,

area, and fixed supply voltage, the power consumption decreases when the number of turns

increases as the increasing wire length increases the total resistance, reducing the power

consumption. Lastly, the effective area of the magnetorquer S may differ from the designed

area as the effective area must be a number bigger than the inner coil area and smaller than

the outer coil area [18]. Specific correction factors shall be applied to the design parameters

to avoid errors in the final performance. In addition, as most of the air core magnetorquers

are made in-house, the unevenly distributed coil winding will cause overlapping of the copper

coil, affecting the final magnetorquer performance.

Customized air core magnetorquers are widely used in 1U CubeSats missions, such as AAU

CubeSat [11], CANX-1 [127], Cute-1.7+APD [14], and COMPASS-1 [117]. For some

missions that require higher power and size for more complex payloads, well-designed

magnetorquers are required.



10 2 LITERATURE REVIEW

Delfi-PQ mission

Fig. 2.3 shows the prototype of the miniaturized air core magnetorquer developed by van den

Bos, M.F. [21]. The blue and green coils are the solenoids for either X or Y axis, and the red

coil is for the Z axis. The measured performance data for this air core magnetorquer design

for the Delfi-PQ mission is summarized in Table 2.1.

FIGURE 2.3. Air core magnetorquer prototype for Delfi-PQ mission [21].

TABLE 2.1. Performance of the air core magnetorquer designed for Delfi-PQ
mission [21].

Coil color Dipole mo-
ment [Am2]

Voltage [V] Power [mW] efficiency
[Am2]/[mW]

Red 0.0165 1.43 91.43 0.000278
Green 0.0044 1.62 120.06 0.000056
Blue 0.0045 1.59 129.47 0.000053

FORESAIL-1

Another 3U CubeSat mission, FORESAIL-1, developed by the Finnish Centre of Excellence

for Sustainable Space, relies solely on the magnetorquer to meet the attitude and mission

requirement [98]. After the detumbling, the satellite shall maintain a spin rate of 24 °/s

and eventually accelerate to 130 °/s for the plasma brake payload [59]. Jovanovic, N et al.
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designed two sets of air core magnetorquer with each set consisting of two long and one short

copper wire loop without the supporting structure as shown in Fig. 2.4 [59]. The driving

circuit for the magnetorquer is chosen to be the combination of LC filtering circuit, and

H-bridge as the system is similar to an electric motor with Earth’s magnetic field as stator and

satellite itself as rotor, which requires AC power to operate. Table 2.2 summarizes the key

performance data for the two types of magnetorquers made by Jovanovic, N et al..

FIGURE 2.4. Air core magnetorquer for FORESAIL-1 mission [59].

TABLE 2.2. Performance of the air core magnetorquer designed for
FORESAIL-1 mission[59]

Size Dipole moment
[Am2]

Voltage
[V]

Power @ 0.15
Am2 [mW]

Power @ 0.15
Am2 [mW]

efficiency
[%]

Mass [g]

long 0.304 3.6 149.64 423.26 ∼ 82 17.71
short 0.188 3.6 208.75 334.08 ∼ 85 29.55

Commercial off-the-shelf product

As a mature and well-studied technology, numerous commercial off-the-shelf (COTS) products

have detailed datasheets, comprehensive test results, and a strong flight heritage. Some of

them are complete products with driver board and communication interfaces, and some are

sold as a single part. Table 2.3 summarizes some of the COTS air core magnetorquers with

their performance characteristics.
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TABLE 2.3. Summary of the performance of COTS air core magnetorquer

Manufacture Dipole mo-
ment [Am2]

Residual
moment
[Am2]

Voltage
[V]

Power
[mW]

Thickness
[mm]

Mass [g] Reference

Ecuadorian
Space
Agency

<0.39 <0.0045 1.25-7.5 250-1750 3.2 7.5 [38]

Cubespace 0.13 / 0.27 N/A 5 75 5.8 46 / 74 [31]
NanoAvionics 0.34 0.001 3.3-5 400a 17 205a [88]
ISISPACE 0.2 N/A 5 <1200a 17 196a [53]

a This value is for a complete magnetorquer module containing both X, Y torque rod, and Z coil.

2.1.2 Torque rod magnetorquer

The torque rod magnetorquer is similar to the air core magnetorquer but has two significant

differences. The first difference is the shape of the magnetorquer. Unlike the wounded

wire with a usually square shape and rounded corner, the torque rod magnetorquer is in the

form of a solenoid with a bigger length to radius ratio, making it more suitable to be placed

horizontally on a controller board. Another difference is that a ferromagnetic material is

inserted into the solenoid as a core to amplify the magnetic dipole. The performance, residual

induction, and electric property change with different materials used as the core. In general,

the torque rod magnetorquer generates a higher dipole moment than the air core magnetorquer

under the same power level. Fig 2.5 shows the COTS complete magnetorquer board with two

torque rod magnetorquer installed perpendicularly, and Fig. 2.6 is the individual torque rod

developed and sold by Newspace System [97].

When designing the torque rod magnetorquer, two types of material can be used as core:

paramagnetic and ferromagnetic. It is proven that paramagnetic material has a strong limitation

as the contribution from the increase of dipole moment is far too less to compensate for the

performance degradation from the increase of the weight [18]. However, demagnetization is

the biggest issue when designing the ferromagnetic core magnetorquer. As the ferromagnetic

material follows the hysteresis loop, once it has been magnetized due to the externally applied

field, after removing the external field, the material will have a residual induction B. Therefore

when designing the controller for ferromagnetic core magnetorquers, cutting the power to
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FIGURE 2.5. iMTQ magnetorquer board sold by ISISPACE [53]

FIGURE 2.6. NCTR-M002 Magnetorquer Rod sold by NewSpace Systems
[97]

the torque rod does not turn off the magnetorquer. The proper demagnetizing process of the

ferromagnetic core is shown in Fig. 2.7, as introduced by Bellini in [18]. An external magnetic

field with alternating direction and decreasing magnitude following the numeric order shown

in Fig. 2.7 shall be applied to achieve B = 0 and H = 0 in the hysteresis loop. This process

is not power efficient and hard to achieve as the precisely controlled electric current must

be supplied in an alternating direction to the coil. Another method is to utilize the minor
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hysteresis loop defined in [136] by applying an external magnetic field to a well determined1

point Hm as labeled in Fig. 2.8. Then the magnetic field will follow the path "Hm-O" in

the minor loop, ends at point O, where B = 0 when H = 0. However, executing the control

command from point O will lead to point A following the minor hysteresis loop instead of

point B for a complete demagnetized torque rod. Therefore utilizing soft magnetic material

in the saturation region is preferred to avoid the demagnetization issue as the saturation will

"reset" the magnet disregarding its previous status [18].

H

B

1
2

3
4

5
6

7
8

9

FIGURE 2.7. Demagnetization curve

After determining the core material, the geometry and shape of the core shall be determined.

The dipole moment generated by the solenoid with core rod is expressed as [18]:

m = NIπr2 +
πr2NI(µr − 1)

(1−Nd + µrNd)
(2.2)

where the Nd is the demagnetizing factor, µr is the core material’s relative permeability, N ,

r, and I are the number of coil turns, core radius, and electric current. From the equation,

the dipole moment is contributed by two parts: the first comes from the core’s volume, and

the second affects the core’s magnetization for a certain electric current. The relationship

between the current, core shape described by the ratio of length and radius of the core, and
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H

B

Hm O

A

B

FIGURE 2.8. Incomplete demagnetization curve

dipole moment for a fixed radius cylindrical core and the corresponding power consumption

is shown in Fig. 2.9 (a) and (b), respectively.

(a) (b)

FIGURE 2.9. (a) Dipole moment and (b) power consumption vs. different
length radius ratio and current for a fixed radius cylindrical core magnetorquer
[18].

From Fig. 2.9, it can be concluded that the length to radius ratio shall be kept as big as possible

to maximize the dipole moment and minimize the power consumption, which indicates that

the core shall be designed to be thin and long within the size limit of the satellite.

Another aspect to consider when using a ferromagnetic core is the hysteresis losses. Most

magnetorquers are controlled by using a controlled current source in combination with the

pulse width modulation (PWM) method and H-bridge formed by metal–oxide–semiconductor
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field-effect transistors (MOSFETs). Increasing the PWM frequency will increase the hys-

teresis losses, similar to the electric transformers. The problem can be relieved by using

soft magnetic material with a thinner hysteresis loop to reduce the hysteresis loss due to the

high-frequency control input.

For torque rod magnetorquer, a few CubeSat missions use their customized device. The QSAT

small satellite developed at Kyushu University has customized its own magnetorquer with

PB (Ni-Fe) Permalloy as core material wrapped by 1200 turns of copper coil. It can generate

maximum dipole moment of 1 Am2 [93]. However, the power, size, voltage, and residual

moment data are not indicated. The HuskySat-1 3U CubeSat developed by the University

of Washington equipped with in-house fabricated magnetorquers with a seven mm diameter

cylindrical Hiperco 50A, a type of iron-cobalt vanadium soft magnetic alloy, as core material

wrapped by around 1580 turns of 30 gauge copper wire [76]. The magnetorquer was driven

with at 4 V from on Allegro A3903 H-bridge, consuming 200 mWs and can generate a dipole

moment of 0.15 Am2 [76].

Due to sophisticated design processes and relatively high manufacture and calibration require-

ments, many CubeSat missions use COTS products instead of customizing their magnetorquer.

The similar form factor and relatively rigid and compact design make it easier to be com-

mercialized as a product. The CubeSat mission led by WPI, NASA Goddard Space Flight

Center, and the Space Research Centre in Poland to test the Sphinx-NG utilized the ZARM

Technik AG MTO.2-1 magnetorquer that can generate ±0.2 Am2 dipole moment with 5 V

and 140 mW power supply [133]. The CUAVA-1 mission led by the University of Sydney

utilized the CubeTorquer manufactured by CubeSpace as magnetorquer [16]. The torquer can

generate ±0.24 Am2 dipole moment at 2.5V consuming 375mA power [31].

The performance of the COTS torque rod magnetorquers is summarized in Table 2.4 below.

2.1.3 Embedded coil magnetorquer

Embedded coil magnetorquer is another type of magnetorquer similar to the air core magnet-

orquer, but with the copper coil embedded into the frame or other structure. Since most of
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TABLE 2.4. Summary of the performance of COTS torque rod magnetorquer

Manufacture Dipole
moment
[Am2]

Residual
moment
[Am2]

Voltage
[V]

Power
[mW]

Dimension [L x
W x H mm]

Mass
[g]

Reference

CubeSpace ±0.24 N/A 2.5 375 18x14x62 28 [31]
CubeSpace ±0.66 N/A 5 750 18x14x77 36 [31]
NanoAvionics 0.3 0.005 3.3 400a 96x94x17 205a [88]
ISISPACE 0.2 N/A 5 1200a 95.9x90.1x17 196a [53]
NewSpace >0.2 <0.001 5 200 D9x70 14 [97]
ZARM Tech-
nik AG

±0.2 0.001 5 140 D6x85 9 [133]

a This value is for a complete magnetorquer module containing both X, Y torque rod, and Z
coil.

the CubeSats and small satellites have solar panels, which commonly consist of solar cells

soldered onto a printed circuit board (PCB), it is an ideal place to embed the magnetorquer.

PCB for solar cells usually contains an elementary power conditioning circuit, which can

also provide structural stiffness. By integrating the copper coils into the already-exist PCBs,

magnetic control can be achieved with little extra weight and space. Thanks to the PCB

manufacturing technology improvements, a certain thickness PCB can contain more and

more layers of copper traces, giving more possibility and flexibility when designing PCB

embedded magnetorquer. As shown in Fig. 2.10 [8], the copper wire traces are printed on

each layer of the PCB similar to typical PCB traces but with controlled trace width and

separation. Each layer of traces is connected through "vias" in PCB. Changing layer quantity

and trace parameters will change the characteristics of the magnetorquer. Fig. 2.11 shows the

commercial product of a solar panel with embedded magnetorquer manufactured and sold by

GomSpace [1].

Like air core magnetorquer, the dipole moment of the PCB magnetorquer is governed by the

eq. (2.1). However, as each layer of the PCB magnetorquer is constructed in 2D dimension,

the area of each turn of the copper wire reduces quickly as the number of turns increases.

Then considering the simplified trace dimension shown in Fig. 2.12, according to Hassan, A.

et al., the dipole moment of the PCB magnetorquer can be shown as:
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FIGURE 2.10. Cross sectional view of PCB embedded magnetorquer and
layer arrangement [8]

FIGURE 2.11. The NanoPower P110 (P110) solar panels with embedded
magnetorquer [1]

m =
(LE ·WE +

∑N−1
n=1 (LE − 2n∆ ·WE − 2n∆) · V · Across

[δ · 2(LE +WE) +
∑N−1

n=1 (LE − 2n∆+WE − 2n∆)]
(2.3)

where LE is the outer length of the coil, WE is the outer width of the coil, ∆ is the sum of

trace width TW and trace separation Tdis, V is the supplied voltage, δ is the resistivity of the

trace, N is the number of turns, and Across is the cross-sectional area of each trace.

Since the PCB design has many degrees of freedom, such as trace width, copper thickness,

trace shape, layer insulation material, base material, and via size, there are too many design

considerations and optimization for different system requirements. NICHOLAS, J.S. analyzed

the optimization design of the single layer PCB magnetorquers in terms of the dipole moment

and power efficiency for constant voltage and constant current control mode with changing

trace width and the number of traces [124]. The results are shown in Fig. 2.13 below.
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∆ = 𝑻𝑻𝑾𝑾 + 𝑻𝑻𝒅𝒅𝒅𝒅𝒅𝒅
∆

𝑳𝑳𝑬𝑬

𝑾𝑾𝑬𝑬

FIGURE 2.12. Parameters for general PCB magnetorquers.

(a) (b)

(c) (d)

FIGURE 2.13. Comparison of dipole moment and power efficiency for a
single layer PCB magnetorquer with controlled parameters operating in (a)(c)
Constant voltage mode and (b)(d) constant current mode in terms of different
trace width, number of traces and power. The isometric contours indicate
power input with units of W. [124]

He claimed that under given geometric bounds and power consumption, the optimization

algorithms developed could accurately calculate the optimized parameters for the PCB

embedded magnetorquer. He concluded that the PCB magnetorquer systems are a good

alternative to other forms of magnetorquers [124]. Muhammad, R.M. et al proposed an

optimization design method for a re-configurable magnetorquers for CubeSats [96]. The
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re-configurable design is achieved by connecting multiple PCBs that contain only trace coil

in either series, parallel, or a series-parallel network to the main controller module. Therefore,

different dipole moments and efficiency can be achieved by rearranging the connection

methods. The thermal performance for different coils configurations has also been analyzed.

Shoaib, A.K. et al. has analyzed similar design optimization utilizing the re-configurable PCB

magnetorquer for a 3U CubeSat. The power circuit, various coil configurations, and thermal

performance are analyzed in detail, and Shoaib, A.K. et al. concluded that a higher torque-to-

power ratio compared with commercial options can be achieved using specific arrangements

of the designed magnetorquers [7]. Utilizing the re-configurable PCB magnetorquer for multi-

cube small satellites has also been analyzed in [9] with power and configuration optimization

and thermal performance analysis. Another interesting research analyzed the performance

difference of PCB magnetorquer with non-uniform asymmetrical trace width configuration,

as shown in Fig. 2.14 [64]. The results indicate that it takes more current for a non-uniform

trace width configuration to generate the same torque compared with the uniform trace width

configuration. No significant variation can be observed with a non-uniform trace width

configuration compared to the one with uniform trace width in terms of temperature, power,

dipole moment, and torque with a constant voltage power supply.

FIGURE 2.14. PCB magnetorquer with different and non-uniform trace width
[64]

Another new type of foldable PCBSat developed by Haoran, G., and Shengping, G. consists of

three palm-sized PCBs connected by two strips of flexible boards and a folding mechanism, as
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shown in Fig. 2.15. The PCB magnetorquer is embedded into the three PCBs and is claimed

to be able to generate 0.0024 Am2 dipole moment with around 0.8W power [46].

(a) (b)

FIGURE 2.15. PCBSat in (a) flat unfold state and (b) orthogonal fold state
[46].

The performance and characteristics of different PCB magnetorquers are summarized in Table.

2.5 below.

TABLE 2.5. Summary of the performance of PCB magnetorquers

Manufacture Dipole
moment
[Am2]

Voltage
[V]

Power
[mW]

Dimension
[m2]

Mass
[g]

Efficiency
[Am2]/[mW]

Reference

GomSpace 0.043 3.3 3.3 1.55 57a - [1]
Delfi-PQ 0.004 1.632 185.8 0.06 24 0.000033 [31]
PNSS 0.4281 3.3 1026 0.3441 - - [10]
Shoaib, A.K
et al

0.31 0.21 37 - - 438.3b [7]

Haoran, G et
al

0.0025 - 800 - 0.47 - [46]

a include the solar cells electronic components.
b torque to power ratio τ/P .

2.1.4 Low power magnetic torquer

All the previous types of magnetorquer use either air core, which has negligible residual

induction, or soft ferromagnetic material, which has small residual induction, to avoid the

continuous magnetic torque after turning off the magnetorquer. Hard magnetic material is well
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known for its high residual induction and high coercive force, making it a good candidate for

a permanent magnet. Using hard magnetic material for magnetorquer with the conventional

control method will consume much energy to magnetize and demagnetize. As described in

the previous section, it will cause enormous hysteresis losses if working in AC mode.

However, the disadvantages of using hard magnetic material for magnetorquers can become

advantages with a proper control method. Once the hard magnetic material has been mag-

netized, it becomes a permanent magnet, which can continuously interact with the Earth’s

magnetic field to generate torque without consuming energy. The first concept of using hard

magnetic material as the core of a magnetorquer for satellite attitude control was proposed by

Robert, E.F back in 1966 [39]. The most frequently used attitude control method in the 1960s

was to spin the satellites about their axis of maximum moment of inertia. Robert proposed

and designed a magnetorquer based on the so-called "chargeable magnet" to maintain and

control the rotational speed of the satellites. The control system consists of a capacitor to store

energy, a relay to change the direction of pulse current, and a solenoid with a "chargeable

magnet" as the core, as shown in Fig. 2.16.

FIGURE 2.16. Control circuit of the magnetorquer with "changeable magnet"
as core [39]

.

Michael, E.P, and Charles, A.G developed a mathematical model and design formulas for

this type of magnetorquer, named low-power magnetic torquer (LPMT), back in 1971, and

a performance simulation was conducted based on assumed parameters. Base on their

calculation, by using two capacitors of 1 mF charged to 200 V, it requires 40J to change
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the magnetic dipole moment of a 36.5 mm diameter 1.82 m cylinder from −2000 Am2 to

+2000 Am2, while it requires about 4 W for a typical magnetorquer with soft magnetic

material core to generate same level of dipole moment [104]. The performance data were

obtained by simulation, and a cylindrical magnetorquer with 36.5 cm in diameter and 1.82 m

in length made with Remendur 38 is used for simulation. The discharge capacitor had a

capacitance of 1 mF and was designed to be charged to 200 V before discharge. From the

simulation results, the dipole moment of this magnetic rod reaches its maxima after about

20 ms and the time interval between the switch of polarity is about 20 ms. Although the

magnetorquer rod used in the simulation is too big for a small satellite, and no experimental

data was provided, this paper provides a good validation of this type of magnetorquer on

a theoretical level. However, since the magnetorquer was designed for satellites using

spin stabilization and pointing, the demagnetization method of the magnetorquer was not

mentioned in either paper. In addition, the mechanical relay was selected as a discharge

actuator, which includes moving parts. Since the mechanical relay relies on the solenoid, this

will introduce other magnetic elements on the satellites, which shall be avoided. Therefore

improvements and modifications are required to adopt the magnetorquer system for small

satellites.

After the proposal and mathematical verification and simulation of the LPMT, a satel-

lite attitude stabilization system was proposed by Polites, M. 33 years later, utilizing the

LPMT [103]. Polites quantized the dipole moment generated by the LPMT in 5 steps:

+2M,+M, 0M −M,−2M , where M is the dipole moment element generated by a single

LPMT bar, and developed a controller to detumble a satellite from various initial angular

velocity. The simulated results show that an average setting time of 5.8 and 7.4 orbits can be

achieved with two different control methods with a maximum power consumption of 274 and

246 mW, and average power consumption of 57 and 55 mW, respectively. The simulation

was performed based on a circular orbit at 600 km altitude with a period of 5793 s, and the

dipole moment generated by two magnetorquers with different diameter were claimed to

be obtained experimentally that are ±13 Am2 and ±13 Am2, respectively [103]. However,

the cited paper cannot be found in the proposed journal, and thus the detailed experiment

setup is unclear. Furthermore, the details of quantization of the dipole moment are unclear
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due to the disappeared citation. Therefore the credibility of the performance data of the

proposed magnetorquer is to be questioned. Then a PWM-based controller for LPMT was

proposed by Polites, M. for more precise spacecraft attitude stabilization [102], where the

same magnetorquer performance was cited.

Mentch, D.B developed another attitude control system based on LPMT and a magnetometer

for CubeSat in 2011 [91]. As described in the previous paragraph, Mentch utilized the exact

"dipole moment quantization" method as Polites proposed. The quantization was achieved

by placing a pair of bar magnets with the same property in parallel, as shown in Fig. 2.17.

Suppose the two magnets are magnetized in the same direction. In that case, the macroscopic

dipole moment will equal the sum of the two moments. The magnetization in a different

direction will cancel each other, resulting in zero macroscopic dipole moment.

Total = +2M
+

Total = 0M Total = -2M

FIGURE 2.17. Theory of quantizing the dipole moment.

The magnetorquer bar element designed in [91] is a cylinder-shaped bar made with ALNICO1

with 1/16 inch (1.59 mm) diameter and 1 inch (25.4 mm) length, and a dipole moment

of 0.023 Am2 was measured using the Helmholtz cage. The attitude stabilization was

simulated, and a ±2° pointing accuracy can be achieved. The complete ADCS board was

constructed using the same magnetorquer system but with an extra pair of magnets for the

Alaska Research CubeSat by Frey, J. in 2014 [40]. The extra pair of magnets adds another

two steps to the dipole moment quantization, enabling the system to achieve ±4M,±2M ,

and 0M dipole moment output. The compensation to the magnetometer due to the presence

of a permanent magnet was explained in detail [40, 41]. However, no experimental attitude

control or detumble data were provided.
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In conclusion, the air core, iron core, and PCB embedded magnetorquers are well studied. The

system model, control algorithm, optimization, and mission design analysis have been accur-

ately modeled and deeply researched. However, not much work focuses on the magnetorquer

using hard magnetic material as core (i.e., the magnetization efficiency and demagnetization

method have not been studied ), and the proposed control and stabilization data have not been

verified experimentally. The complete ADCS system based on the hard magnetic material

core-based magnetorquer has already been made. However, the zero induction state achieved

by pair-magnet design highly relies on the symmetry of the two magnets, which is hard to

measure and control. Adding more magnets makes it more challenging to achieve a mac-

roscopic zero induction state, and the system weight increases. In addition, the maximum

dipole moment available for ARC for each axis is four times the dipole moment generated

by a single torquer (4 × 0.023 Am2 = 0.092 Am2), which is slightly higher than the PCB

embedded magnetorquer. The extra component, weight, and size make it not the prior choice

when designing the magnetorquer for a small satellite.

Therefore, with all of the unsolved problems and defects, a new type of hard magnetic

material-based magnetorquer, named Electro-permanent magnetorquer (EPM), is proposed,

designed, and analyzed as part of the smart attitude control system in this thesis.

2.2 Micro air-fed magnetoplasmadynamic thruster

Small satellites, well known for their small size, short development period and low cost,

have demonstrated their utility for scientific research and astronomy related missions [92].

Besides their contribution to the research area, small satellites are now being developed to

democratized space and extend its application for everyone on earth, including internet of

things (IoT), low latency internet access and constellation for geodetic applications [75].

Moreover, it brought huge benefit to astronomy as it allows astronomical instruments that

exceed the size of the earth to be built through constellation, which is impossible through

ground-based systems [79]. As all these tasks require constellation, the attitude and orbit

control system is vitally important for small satellites. However, shrinking the size of the
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satellites is not an easy job as it is tremendously more difficult to miniaturize the propulsion

system than the micro controller [78]. This difficulty makes the low-power electric propulsion

systems eagerly needed for ultra-small satellites, for instance 1U CubeSats, to perform orbit

keeping and de-orbiting maneuver as their power, size and weight limit is even more strict

than small satellites.

There is no doubt that miniaturization of the propulsion systems will lead and drive the future

of spacecraft development [80]. Several miniaturized propulsion systems have been developed

over several decades, including cold gas thruster [90, 99, 57, 65, 52], solid-state pulsed plasma

thruster (PPT) [45, 20, 71, 106, 25, 109, 122, 77], electrospray thruster [77, 140, 95, 123],

and miniaturized hall thruster [90, 131, 135, 50]. Several electric propulsion systems have

been developed and currently used in satellite missions. The most common ones include the

resistojet [90, 77], ion thruster [114, 72], and hall thruster [47].

The power requirements for thrusters vary from hundreds of watts to several kilowatts, which

normally also requires kilograms of propellant and is impractical for small satellites [99]. To

satisfy the power, size, and propellant requirements, some electric propulsion systems have

been proposed and developed specifically for small satellites. Table 2.6 summarizes these

propulsion methods.

PPTs operate at pulse mode with peak current reaching up to 30 kA in ∼5-10 µs[25], resulting

in several hundreds of kilowatts peak power during the pulse, whereas the average total power

keeps minimum. Normal PPTs using solid propellant can produce 280-2800s specific impulse

while some of those using liquid propellant generate up to 11860s specific impulse depends on

the pulse energy, mass bit and propellant [110]. These PPTs require spark plug that delivers a

voltage of several kilo-volts to initialize the plasma discharge [109], which complicates the

entire structure and increases its size. Vacuum arc thruster (VAT), as one type of PPTs, use a

cathode metal as the propellant, which requires a conductive layer on the insulation material

to initialize the plasma discharge [101] and constrains the lifetime of the thruster.

The magnetoplasmadynamic thruster (MPDT) is another type of electrical propulsion system,

which ionizes the propellant and accelerates them to generate thrust. However, unlike normal
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ion and hall thrusters that use electric field to accelerate ions, MPDT ejects plasma beams

using the magnetic field induced by its own plasma current [28]. Therefore MPDT requires

high electric current to generate sufficient magnetic field strength to increase the performance.

Fig. 2.18 shows the structure and working principle for general MPDTs.

FIGURE 2.18. Cross-sectional view of the general MPD thruster.

Typical full size MPDT uses Argon, Hydrogen, Xenon and liquid Lithium as propellant

and can generate 0.5−50 N thrust force with specific impulse ranging from 1000−10000s

while most of them require power input ranging from as low as 30 kilowatts to up to 20

megawatts [90, 125, 28, 89]. Although the MPDT, especially those using gaseous propellant,

is well-known for its high specific impulse, high efficiency, and high thrust, the power

requirements, especially the discharge current, for this type of thruster to operate optimally

limits its miniaturization and implementation for small satellites.

In this thesis we developed a miniaturized MPDT for small satellites, which is based on the

structure and working mechanism of the full scale MPDT but operates in the pulse mode.

The new MPDT can generate high thrust force and specific impulse taking advantage of the

traditional MPDT while keep the thruster design as simple as the VAT. In addition, the new

MPDT uses air as fuel and becomes a micro air-fed thruster (µAF-MPDT), which can be

used to offset the atmospheric drag force for small spacecraft that operates at very Low Earth

Orbit (VLEO, about 200km altitude) with an air-collection device on-board [82]. With this
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feature, the thruster has the potential to be used by small satellites to use atmospheric gases

for orbit keeping and de-orbiting while operate in the VLEO, which adds more flexibility to

those satellites that have very low orbit altitude and enormously extends their lifetime and

durability.

The remainder of this thesis is organized as follows. Section 2 describes the details of the

thruster design. The details of calibration of the thruster stand is also introduced; Section

3 presents the testing results; Section 4 discusses the performance of the µAF-MPDT. The

possibility of using the proposed thruster as a way to maintain the small spacecraft at VLEO

is also discussed briefly; Section 5 concludes.



CHAPTER 3

Electro-Permanant Magnetorquer

In this chapter, the magnetic basics and details of the EPM, including the detailed board design

considerations and test results, and magnetorquer performance measurement methodology

and equipment, will be introduced, described, and analyzed in great detail. The performance

comparison with state-of-the-art magnetorquers will be presented at the end of this chapter,

along with a simple controller design and experimental results to validate the EPM.

3.1 Introduction

The magnetorquer has long been used for satellites to stabilize and adjust their attitude in

space. Conventional magnetorquers consist of loops of copper wires and different materials as

core, as described in the previous chapters. However, the weak dipole moment and continuous

power consumption make it not ideal and efficient for small satellites, especially CubeSats,

whose power, size, and weight are strictly restricted. A new type of magnetorquer utilized

the changeable permanent magnet, a type of hard magnetic material as the core for satellites’

attitude control [91, 40]. However, they are too heavy to fit into the CubeSats and can

only generate a dipole moment at similar orders of magnitude to the PCB magnetorquer. In

addition, all the previous work [91, 40, 102, 103] has either zero or sub-optimized solutions

for demagnetizing the magnet, which is a big problem for small satellites, as the residual

induction of the magnets will generate a continuous torque to the satellites at the presence of

the Earth’s magnetic field and will gradually affect the attitude of the satellites. Here a new

type of magnetorquer, named Electro-Permanent Magnetorquer (EPM), is proposed for small
30
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satellites, especially CubeSats, aiming to provide a new type of actuator that can achieve high

power efficiency and high torque performance at the same time.

3.1.1 Magnetic basics

The basics of magnetism will be introduced and explained in this section to understand the

parameters of magnetorquer better.

3.1.1.1 Magnetic field strength and magnetic flux density

It is well known that a wire that carries an electric current will induce a magnetic field around

it. However, when describing the physical property of the magnetic field, the two parameters,

magnetic field strength, and magnetic flux density, always confuse people who are not very

familiar with magnetism. To better describe these two properties, consider a solenoid with air

or vacuum as the core, as shown in Fig. 3.1.

I I

B

L

Number of turns: N

H

FIGURE 3.1. Ideal solenoid.

If a current I flows into the solenoid, a magnetic field will be generated inside the solenoid

in the direction following the right-hand rule. If the solenoid has a total length of L with a

total number of turns of wire N , the magnetic flux density generated by the solenoid can be

described as [63]

B = µo
N

L
I (3.1)
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or

B = µonI

If we define n as the number of solenoid turns per unit length. The µo is the permeability of

vacuum and has a value of 1.256637× 10−6 and a unit of H/m. The magnetic flux density B

has a unit of Tesla (T) in the SI unit system. The magnetic field strength, H , has a relationship

with the magnetic flux density B as follows in vacuum [42]:

H =
B

µo

(3.2)

Comparing these two equations, it can be found that by substituting eq. (3.1) into eq. (3.2),

the magnetic field intensity can also be written as:

H = nI (3.3)

which has a unit of A/m. The magnetic flux density, by its name, can be imagined as the

number of magnetic field lines passing through a unit area. The magnetic field strength, from

its equation, is only related to the solenoid winding density and the current. Therefore this

parameter can be imagined as the intensity of the magnetic field as at the constant current, the

higher the winding density induces a higher field strength. In a vacuum, the magnetic field

strength is directly proportional to the magnetic flux density. However, for different materials

or media, the permeability does not equal µo. Therefore the quantity of the magnetic field

line passing through the unit space inside the material may be less or more than it is in the

vacuum under the same external magnetic field excitation.

3.1.1.2 Magnetization

Magnetization is a property of material, normally used to describe how strong the material is

being magnetized or the density of magnetic dipole moment per unit volume of the material.
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The vacuum cannot be magnetized. However, when there is material, for example, some iron

bar inside the solenoid shown in Fig. 3.1, the eq. (3.1) have to be written as [42]:

B = µo(H +M) (3.4)

If the magnetization of a material M is parallel to an external magnetic field H , the following

equation stands [42]:

M = χH (3.5)

where χ is the magnetic susceptibility of the material. Then by substituting the equation eq.

(3.5) into eq. (3.4), it becomes:

B = µo(1 + χ)H

= µoµrH
(3.6)

Here µr = 1 + χ is the relative permeability, which describes how the material is magnetized

relative to vacuum. In vacuum µr = 1 as defined. In some strong ferromagnetic material, µr

can be as big as around 200, 000 [2]. It is interesting to note that in the superconductor, the

µr = 0.

3.1.1.3 Dipole moment

Dipole moment is the most important performance parameter for magnetorquers as it connects

directly to the torque it can generate. Consider the solenoid shown in Fig. 1.1, considering

the 2D scenario, the torque generated can be calculated by [62]:

τ = mB sin θ (3.7)
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where m is the dipole moment described as:

m = NIA (3.8)

where N is the number of windings of the solenoid, and A is the cross-sectional area of the

solenoid. The unit of dipole moment in the SI unit system is Am2, which is intuitive as it can

be interpreted as a loop of wire carrying current times the loop area. Dipole moment also

has another unit, Nm/T, which makes it easier to understand as a magnetorquer as it directly

provides the maximum torque that can generate under the perpendicularly applied magnetic

field. The dipole moment for the electromagnet is easier to understand and calculate.

For a permanent magnet, the dipole moment is represented as the production of magnetization

and volume:

m = M · V (3.9)

From this equation, the magnetization of the permanent magnet can also be interpreted as the

amount of dipole moment per unit volume of the magnet. However, a magnet’s magnetization

is usually not uniform and hard to obtain. Therefore the dipole moment is generally obtained

through measurement using other non-direct methods, which will be introduced later. The

dipole moment is the primary parameter of interest in this thesis.

3.1.1.4 Hysteresis loop

Before introducing the hysteresis loop, the susceptibility mentioned in section 3.1.1.2 shall be

discussed further. Based on the range of the χ, materials can be roughly classified as three

types: (1) diamagnetism (χ = const. < 0), (2) paramagnetism (χ > 0), and (3) collective

magnetism (χ = χ(T,H, ”history”)) [42]. Ferromagnetism, which is of interest to be used

in magnetorquers, is classified as one of collective magnetism. This material’s susceptibility

depends on the temperature, external magnetic field excitation, and historical susceptibility.

One interesting thing to note is that for ferromagnetic material, there is a specific temperature
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named Curie temperature (Tc), or Curie point, above which the ferromagnetic material loses

its ferromagnetic properties and becomes a paramagnetic material. To further understand the

property of the ferromagnetic material, a type of figure that describes the relationship between

the external applied magnetic field and the magnetic field induced by the material itself is

introduced, as shown in Fig.3.2, named hysteresis loop, or sometimes BH curve.

a

b

c

d

e

f

B

H

Residual Induction

Coercive Force

Saturation

o

Initial magnetization

FIGURE 3.2. Hysteresis loop (BH Curve).

The horizontal axis named H in Fig. 3.2, is the externally applied magnetic field, and the

vertical axis B represents the induced magnetic flux density of the material. Starting from

point o, where the material is fully demagnetized. When applying a positive excitation

magnetic field, the induced flux density will follow the "initial magnetization" curve until

point "a," which is the saturation point. At this point, the magnetic flux density induced by

material reaches the maximum, and further increasing the external magnetic field will result

in leakage of the flux density. After reaching point "a," slowly reduce the applied field until

zero. The induced magnetic field will drop to point "b" following the curve "ab" instead

of going back to point "o." At this point, the material becomes a "permanent magnet" as

no external magnetic field is applied to the material, and the magnetization remains. The

magnetic flux density generated by the material at this point is named "residual induction," or

sometimes "remanence," denoted by Br, which is usually used to describe the strength of a

permanent magnet. Now increasing the external field in the negative direction until point "c,"
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the induced field decreases and reaches zero at point "c." This point represents the amount of

external magnetic field strength required to reduce the macroscopic magnetization of material

to zero. At this point, the material shows zero magnetic flux density and can be treated as

demagnetized. The external magnetic field strength at this point is called "coercive force"

or "coercivity" for a specific material, denoted by "Hc." It is used to describe the ability of

a magnet to withstand a demagnetizing magnetic field. Further increasing the external field

in the negative direction will start to magnetize the material in the negative direction until

saturation follows the "cd" curve. Increasing the field in the positive direction is symmetrical

to the reducing field process, and the induced flux density will increase following the "defa"

curve, where point "e" and "f" indicates the residual induction and coercive force in the

negative direction.

The "history" dependency of the susceptibility is another important property of the ferromag-

netic material. Even when the magnetic demonstrates a macroscopic zero magnetization,

the future behavior of the material in reaction to the external field is not constant. Consider

the hysteresis loop shown in Fig. 3.2, the magnetization is zero for both point "c" and point

"f". However, the material will show a different magnetic flux density if the external field is

removed. As shown in Fig. 3.3, the flux density of the material after removal of the external

field will reach point "c’" from "c" and "f’" from "f," respectively. If the external field is

further increased, the behavior of the magnet will follow the historical magnetization and end

up at a new point (i.e., point "a’" for the "cc’" curve). The small hysteresis loop inside the

major hysteresis loop is named the "minor hysteresis loop" and is an important property to

consider when designing magnetorquer.

3.1.1.5 Soft magnetic material and hard magnetic material

Based on the coercive force, ferromagnetic material can be categorized into two groups: hard

magnetic material and soft magnetic material, where hard and soft describe how easy the

material can be demagnetized. As shown in Fig. 3.4, soft magnetic material is easier to

demagnetize and thus has lower coercive force, resulting in a "thinner" hysteresis loop. On the
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FIGURE 3.3. Minor hysteresis loop.

contrary, the hard magnetic material has a higher coercive force and is hard to demagnetized,

therefore having a "fatter" hysteresis loop.

B

H

Hard magnetic material

Soft magnetic material

FIGURE 3.4. Hysteresis loop for the hard and soft magnetic material.
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The soft magnetic material is usually used when the magnetic polarity is reversed frequently

(i.e., transformers, inductors). The low coercive force makes it easier to demagnetize, thus

reducing the energy loss during the polarity switching. Due to the higher coercive force,

the hard magnetic material is generally used in environments where the material shall keep

the magnetization under specific external magnetic field strength (i.e., DC motor, speaker).

Therefore, most permanent magnets are made with hard magnetic material.

3.2 EPM design and functional test

This section will introduce and discuss the details of EPM design and test, including material

selection, driving circuit design, torque rod design, and functionality test results.

3.2.1 Material selection

As the core of the EPM, the material shall be determined at the first design stage. Most

magnetorquers use soft magnetic material as the core due to the low residual induction and

low hysteresis loss when operating using PWM or other AC methods. However, hard magnetic

material shall be used for EPM, as the core shall maintain magnetization after removing the

external magnetic field. The material selection should aim for high residual induction Br as

this parameter directly connect to the dipole moment, which in turn connects to the maximum

torque it can generate. The coercive force, Hc, however, shall be small to make the core easier

to be demagnetized and switch the polarity. Fig. 3.5 shows the property distribution for some

common permanent magnet materials.

The residual induction Br and coercive force Hc are generally the most important properties

for ferromagnetic materials and can be found in various magnetic material manufacturers.

Commonly to accurately describe the relationship between Br and Hc, and for a more

intuitive demonstration and comparison, the material’s second quadrant of the hysteresis loop

is used to demonstrate the relationship between magnetization and applied field strength,

named "demagnetization curve." The demagnetization curve can demonstrate most of the

properties of the magnet, and one can easily compare and determine the material that meets
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FIGURE 3.5. Property distribution for common magnetic materials.[132]

their requirements. The demagnetization curve for some of the common permanent magnet

materials is shown in Fig. 3.6
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FIGURE 3.6. Demagnetization curve for common permanent magnetic ma-
terial [3, 4]

The intersection with the vertical axis is the maximum residual induction, and that with the

horizontal axis is the required external magnetic field to demagnetize the material. The max-

imum production of the magnetic flux density and the external magnetic intensity, reflected as

the most significant area of the rectangle created by the data point on the curve, is defined

as Maximum Energy Product, denoted as BHmax. This parameter defines the magnet’s

strength and is usually used to denote the grade of the magnet (i.e., grade N52 for NdFeB



40 3 ELECTRO-PERMANANT MAGNETORQUER

magnet). It can be seen from the figure that the traditional magnetic (i.e., ferrite magnet,

also called ceramic magnet) has relatively low residual induction and low coercive force,

therefore making it a weak magnet. The strongest commonly available magnet on the market

is the NdFeB grade N52 magnet, which has the highest residual induction (15 kGauss) and

relatively high coercive force.

For the magnet used in the EPM, the material shall have as high as possible the residual

induction to produce higher torque after being magnetized. At the same time, the coercive

force shall be as low as possible to make the wiping or charging easier. Since the external

magnetic intensity highly depends on the energy input to the magnetization coil, a magnet

with high coercive force requires high energy to change the magnetization, which may be too

stressful for small satellites. The high-intensity magnetic field might also cause interference

to other satellite systems, which should be avoided.

The best choice is obvious from Fig. 3.6. AlNiCo 5 magnet has a high residual induction,

which is even higher than the NdFeB grade N35 magnet, at around the same level as the grade

N42 magnet, while the coercive force is around one-twelfth of the N42 magnet. However,

some material has even higher residual induction and lower coercive force than AlNiCo 5

magnet. As shown in Fig. 3.7, the permanent magnet "Remendur 38", which is used for

calculation in [104], has more than 16 kGauss residual induction, which is higher than that

for the NdFeB N52 magnet (∼ 14.8kGauss), and remarkably low coercive force ( sim48Oe).

Note that the unit for the horizontal axis changed from "kilo Oersted" to "Oersted," and the

demagnetization curve for AlNiCo 5 magnet is plotted in the same figure for comparison.

Another permanent magnet, named "P6-Alloy", is mentioned in [54] and has similar residual

induction with the coercive force around one-eleventh of that for the AlNiCo 5 magnet.

Although the "Remendur 38" and "P6-Alloy" seem more suitable for the EPM, they are hard

to source on the market. There is minimal data that can be found online about these two

materials, and there is not any retailer that can be found to supply these materials. However,

on the contrary, the AlNiCo 5 magnets are easy to obtain and are available in various shapes

and sizes. In addition, the AlNiCo 5 is extremely stable at high temperatures. The typical

Curie temperature for AlNiCo 5 material is approximately 840°C, and for comparison, the
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FIGURE 3.7. Demagnetization curve comparison between AlNiCo 5 and
other alloys [54]

NdFeB magnets has typical Curie temperature of 310 − 365°C [51]. This property makes

AlNiCo 5 an ideal material for space applications due to extreme thermal environments in

orbits.

In addition, AlNiCo material has been used for passive magnetic attitude control and has

flight heritage. The Delft-C3 satellite designed by the Delft University of Technology utilized

the AlNiCo 5 as the permanent magnet for passive attitude control [107]. The QuakeSat

developed by Stanford University and QuakeFinder LLC utilized AlNiCo 8 HE magnets as

passive stabilization actuator [84]. Donald, B.M. and Jesse, F. used AlNiCo 1 and AlNiCo 5

material as core when designing the LPMT for the ARC mission [91, 40]. All these heritages

prove the feasibility and durability of using AlNiCo for space purposes.

In conclusion. the AlNiCo 5 bar magnet is selected as the core to be used for the EPM with

the performance and demagnetization curve shown in Fig. 3.8. The magnet has a residual

induction Br = 1.2037 T and the coercive force Hc = 48 kA/m. Note that the grade number

LNG40 is equivalent to AlNiCo 5.
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FIGURE 3.8. Demagnetization curve of the LNG40 used in this thesis [5]

3.2.2 Driving circuit

After determining the material, the driving circuit shall be designed and discussed before

the torque rod as the configurations of the torque rod, including the dimension, size, and

copper coil winding, highly depend on the driving method. There are several design objectives

and requirements for the driving circuit. Firstly the driving circuit shall be able to change

the magnetization and polarity of the torque rod as this is the basic functionality of the

magnetorquer. Secondly, the circuit shall be able to demagnetize the torque rod when the

magnetorquer is commanded to be turned off. It is the most challenging part due to the high

non-linearity of the ferromagnetic hysteresis loop. The complete demagnetization shall follow

the specific rule, which will be introduced and discussed later. Thirdly the magnetization,

demagnetization, and switching polarity process shall be as fast as possible. The reason is

that for small satellites operating in LEO, the orbital time is around 90 mins. Since the torque

generated by the magnetorquers is generally low, if the control frequency is too low, it may

not be able to stabilize or control the attitude of the satellites. Lastly, the power consumption

shall be minimized to ensure its suitability for implementation on small and nanosatellites,

especially CubeSats.
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To meet all these design objectives, the detailed operation logic, components selection and

considerations, and the feedback control method will be introduced and discussed in detail in

this section.

3.2.2.1 Operation logic

Among all the designs mentioned in earlier objectives, the first aspect to consider is the

operation logic. The basic operation logic is briefly mentioned in [39, 104, 91, 40, 103,

102]. A capacitor array shall be charged to a certain voltage level to store energy, and then

discharge the energy into a solenoid in the form of a current pulse. The magnetization inside

the solenoid can then be changed due to the induced high-intensity magnetic field. Fig. 3.9

shows the block diagram of the control circuit for the EPM.

Torque rod 
SolenoidH-BridgeCharging Circuit

Micro-
controller

Power 
module Hall sensor

Capacitor array

Power & Com

Pow
er

Signal

M
agnetization

Signal

FIGURE 3.9. Block diagram of the control circuit used for the EPM in this
thesis.

Since the system works in pulse mode, the operation sequence for each pulse is summarized

in the following steps:

(1) When receiving the command to alter the magnetization of the torque rod, the micro-

controller will send the signal to the charging circuit to start charging the capacitor

array. The microcontroller monitors the capacitor voltage through a feedback voltage

divider;
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(2) Once the voltage reaches the defined threshold, the microcontroller will shut off the

charging circuit and send the signal to the H-bridge to open the gates according to

the desired dipole direction;

(3) Then H-bridge opens, and the capacitor array discharges the energy into the torque

rod solenoid in the form of the current pulse;

(4) After each pulse, the magnetization of the solenoid is measured by hall sensors and

monitored by the microcontroller;

(5) Repeat step (1)(2)(3)(4) until the desired magnetization or the discharge times has

been achieved.

The details of design considerations and analysis of each module in each step will be intro-

duced and discussed in the following sections.

3.2.2.2 Main capacitor and discharge voltage

The main parameter for the driving circuit is the capacitance of the capacitor array and

the operation voltage. According to the hysteresis loop, the higher residual induction of

the magnet Br requires a higher external applied magnetic excitation Hm. Therefore the

excitation field Hm shall be as high as possible to achieve higher torque performance. Due to

the system’s configuration, the excitation field is provided by the torque rod solenoid, whose

center magnetic field intensity is related to electric current and wire density, as described by

equation (3.3). Therefore the high discharge current is desired to achieve higher magnetization

of the magnet for a determined solenoid configuration.

The system model shall be determined first to achieve a high discharge current. The main

discharge circuit consists of a capacitor array, H-Bridge, and Torque rod solenoid, which can

be modeled as a passive "RLC" circuit, as shown in Fig. 3.10. Once the capacitor voltage

reaches the desired level, the capacitor voltage and the inductor current strictly follow the

passive "RLC" circuit law after opening the H-Bridge.
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FIGURE 3.10. Simplified discharge circuit consists of the main capacitor
array, equivalent series inductance, and equivalent series resistance.

Assuming the discharge circuit has the total equivalent resistance, R, total equivalent induct-

ance, L, and the capacitance for the capacitor array is C, the following parameters can be

defined:

α =
R

2L
(3.10)

ωo =
1√
LC

(3.11)

ωd =
√

ω2
o − α2 (3.12)

According to [87], the discharge current can be categorized into three scenario: (1) α < ωo:

underdamped; (2) α > ωo: overdamped; (3) α = ωo: critically damped. Assuming the

underdamped scenario, the circuit shall meet the following requirements:
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α < ωo

⇒ α2 < ω2
o

⇒ R2

4L2
<

1

LC

⇒ R2C < 4L

(3.13)

The inductance for a coil with ferromagnetic material as the core is described by:

L = µrµo
N2 · A

l
(3.14)

where the N is the number of wire turns, A is the core cross-sectional area, l is the length

of the coil, and µr and µo are the relative permeability and the permeability of free space,

respectively. Assuming using the American wire gauge (AWG) 28 enameled copper wire

is used for the magnetorquer, the relative permeability of AlNiCo 5 µAlNiCo5 = 3 [6], and

there is only one layer of copper wire wrapped the full length of the torque rod, the calculated

inductance of the torque rod solenoid is shown in Fig. 3.11. To maximize the dipole moment,

according to eq. (3.9), the volume of the magnet shall be large. Due to the size and weight

constraints of the CubeSats, the torque rod with r > 0.003m and l > 0.06m is considered to

be used in arbitrary, which results in L > 7.1× 10−5H. The details of the torque rod radius

and length selection will be introduced later.

Assuming the total equivalent resistance R = 2Ω including the resistance of solenoid wire

windings, PCB copper trace, H-Bridge On-Resistance, solder joint, and capacitor array series

resistance, the capacitance of the capacitor array shall meet the requirement of C < 71 µF,

to make the underdamped assumption valid.

According to [87], for underdamped passive RLC circuit, the current i is expressed as:

i =
V0

ωdL
e−αt sinωdt (3.15)
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FIGURE 3.11. Inductance estimation for different torque rod length and
radius.

where the V0 is the initial capacitor voltage. Since the residual induction is related to the

maximum external field intensity, the maximum current, in this case, will be used to analyze

the magnetization performance. The peak current occurs when the derivative of current i

equals zero:

di

dt
= 0

⇒ V0

ωdL
· [−αe−αt sinωdt+ e−αtωd cosωdt] = 0

⇒ tanωdt =
ωd

α

⇒ tmax =
1

ωd

arctan
ωd

α

(3.16)

Therefore the peak current imax can be expressed as:

imax =
V0

ωdL
e
−α

1
ωd

arctan
ωd

α sin (arctan
ωd

α
)

= V0 ·Ψ(R,L,C)

(3.17)
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From equation (3.17), the maximum current is linearly proportional to the initial capacitor

voltage at a rate of Ψ, where the coefficient Ψ is a function of R, L, and C. Firstly, the

relationship between Ψ and capacitance C is analyzed. Assuming the unity voltage, L =

7.1× 10−5H, and R = 2 Ω according to the previous assumption, the relationship between

the maximum current and capacitance is shown in Fig. 3.12.
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FIGURE 3.12. Coefficient Ψ and the time when maximum current occurs
Tmax as a function of capacitance with fixed inductance L and resistance R.

The Ψ will approach its final value Ψ = 0.1689 when increasing the capacitance, which is not

shown in the curve and is indicated as the horizontal dashed line instead. It indicates that for a

fixed inductance, series resistance, and initial voltage, the maximum current does not increase

indefinitely with increasing capacitance. Further increasing the capacitance after reaching the

theoretical maximum imax will instead delay the time where the maximum current happens.

Secondly, as pointed out in the figure, it only requires around 6.1× 10−6 F, which is around

6.1 µF, to achieve 70% of the theoretical maximum current. This benefits when selecting

components as the capacitors’ voltage tolerance decreases as the capacitance increases for a

fixed capacitor size. Since the parameter of interest for this driving circuit is the maximum

current, smaller capacitance is enough to achieve 70%− 80% of the theoretical maximum

imax, which leaves a relatively wider margin for the voltage selection.
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After analyzing the relationship between Ψ and capacitance C, the required imax shall be

determined to solve the required initial capacitor voltage. According to the hysteresis curve,

the residual induction of the magnet is generated by the external applied magnetic field

excitation, which is generated by the solenoid wrapped on the torque rod. The accurate

magnetic field inside the solenoid depends on the location, turns of wires, and geometry of

the solenoid, which is complicated and will be analyzed later. Here the simplified magnetic

field inside the solenoid will be used for the analysis. Assuming a long solenoid that is evenly

wrapped with the copper coil at a density n (Turns/m), the magnetic field intensity at the

center of the solenoid with a current I is described by eq. (3.3), which is

H = nI

as a recap. Therefore, to determine the required imax, the Hmax shall be determined.

According to Fig. 3.8, the coercive force Hc =≈ 48 kA/s, meaning an external magnetic

field with intensity of 48 kA/s is required to drop the macroscopic residual induction to zero.

However, the required external field intensity could be several times higher than its coercive

force to bring the magnet to its saturated magnetization. Fig. 3.13 shows the hysteresis loop

of the AlNiCo magnet tested by Chen, J. et al [27].

FIGURE 3.13. Major and minor hysteresis curve for the AlNiCo magnet
under measurement [27].

Although the grade of the magnet is not indicated, the coercive force of the magnet can be

read from the figure and is Hc = −133 kA/m. However, applying a magnetic field with the
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same intensity in the positive direction will only leave a residual induction of 0.489 T, which

is less than half of that generated by a more than doubled magnetic intensity.

The residual induction of the magnet is also susceptible to the applied field intensity. As

shown in Fig. 3.14, the slight reduction in applied field intensity will result in a significant

drop in magnet residual induction, as shown in path "O-N-M." A far stronger applied field

intensity shall be applied to reach the saturated induction, as denoted by point K in the figure.

FIGURE 3.14. Hysteresis curve for the AlNiCo magnet with reducing applied
field intensity [58]

Although the complete hysteresis loop is not available for the AlNiCo 5 magnet used in this

thesis, the loop is expected to be more "slim" and "tall" after fitting the Hc and Br into Fig.

3.13 indicates a higher field intensity to reach saturation. Due to the sensitivity of the residual

induction to the applied field, in reference to Fig. 3.13, the desired Hmax is determined to be

300 kA/m to ensure a high residual induction. Therefore the desired imax according to eq.

(3.3) can be calculated as imax = 90A assuming the use of AWG 28 copper wire.

After determining the imax, the capacitance and initial capacitor voltage can be determined

easily. In reference to Fig. 3.12, assuming a capacitance of 10 µF is used, which gives a value

of Ψ = 0.1287 under the proposed inductance and resistance assumption, the required initial

capacitor voltage can then be calculated as:
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V0 =
imax

Ψ

=
90

0.1287

= 699.3V

(3.18)

Due to the restrictions on the types of capacitors allowed for space vehicles, ceramic and

tantalum capacitors are commonly used for space-related electronic devices. However, there

are not any ceramic or tantalum capacitors that can meet both capacitance and voltage

requirements at the same time. Therefore the capacitor "C5750X6S2W225K250KA" made by

TDK in a standard 2220 SMD passive component package is selected as the main discharge

capacitor. Each capacitor is a small block with 5.7 mm in length and 5.5 mm in width. Due

to the size limit, four of these capacitors are connected in parallel. Each capacitor has a

capacitance of 2.2 µF and a voltage tolerance of 450 V, forming a capacitor array with a total

capacitance of Ctot = 8.8 µF that can be charged to a maximum of 450 V. This value is close

enough to the calculated value and can be achieved in the real world. With this components

selection, the imax can achieve 56.74 A, and can achieve approximately 189.13 kA excitation

magnetic field under the current assumption. This field intensity does not meet the design

requirement. However, the inductance and resistance value may vary with the assumed ones,

which may change the actual imax. The actual discharge current profile will be measured

experimentally in the later section.

3.2.2.3 Charging module

After determining the main discharge capacitor, the charging module shall be determined.

The charging power, maximum charging voltage, charging speed, charging circuit form factor,

and safety shall be considered for the charging module.

According to the previous section, the capacitor array has a total capacitance of 8.8 µF and

maximum voltage tolerance of 450 V. For safety and components lifetime, the maximum

charging voltage is limited to 400 V, leaving 50 V as a safety margin to avoid overvoltage
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breakdown of the capacitor. Therefore the maximum energy stored in the capacitor array can

be calculated using the capacitor energy equation:

W =
1

2
CV 2 (3.19)

Substituting values, the maximum energy stored in the capacitor is calculated to be Wmax =

0.7 J. Since the driving circuit works in pulse mode, this energy can be defined as energy per

pulse, or energy bit Wbit. Note that the capacitor array does not need to be fully charged for

every pulse. For different target capacitor voltage, various Wbit can be delivered to the torque

rod, resulting in adjustable imax. With a fine-tuned profile, this feature can be used as micro

adjustment for the fine-tuning of the dipole moment of the magnetorquer.

After knowing the maximum Wbit, the charging power and charging time can be determined

simultaneously. Since the power is defined as energy per second, defining the desired charging

time directly yields the required charging power. Considering the nominal orbital time,

90 mins, and the long setting time for the general magnetorquer, the charging time shall be as

short as possible to maximize the system’s control frequency and overall stability. Assuming

a charging time of 1 ms for a 0 to 400 volt charging process, the required power can be

calculated as Pcharge = 0.7 J/0.001 s = 700 W. This power requirement is too high for a

small satellite, especially CubeSat. Although the duration for this power requirement is only

one millisecond, such high power drawn will cause a significant voltage drop on the satellites’

power bus, which may damage or reboot other payloads and even the main on-board-computer

(OBC). Therefore the charging time is extended by a factor of 10, resulting in a 10 ms charging

time. The required power is then dropped by a factor of 10, yielding a Pcharge = 70 W. This

power consumption is within the capability of small satellites’ power bus considering the

10 ms charging time. The actual power consumption should be higher than the calculated

value due to the charging module conversion efficiency, capacitance variation, and charging

voltage fluctuation.

Based on the analysis and calculation, the capacitor charging controller integrated chip (IC),

LT3750, made by Linear Technology (Analog Devices), is selected as the main charging
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module controller [86]. This tiny chip is packaged in 10-LEAD MSOP, which has only

3 × 3 mm center size and 3 × 4.9 mm overall size, including leads, which makes it easier

to be integrated into the PCB. This controller IC features "single-pin-control," which allows

the chip to be fully controllable by a simple general purpose I/O (GPIO). This makes the

module relatively safer to use as the whole charging module can be shut off by the OBC or

payload computer if any unexpected issue happens. Drag this pin low through a drop-down

resistor makes it even safer as the module will shut off itself if the control signal is lost.

The peripheral requirements are not complicated. The chip works in switch mode with an

NMOS-FET and a transformer. The sense of the capacitor status, voltage feedback, and

charging current constraint is achieved through several passive components. The transformer,

the most important peripheral required by this IC, causes problems when designing the

module. The IC requires a transformer with a 1 : 10 turns ratio and a dedicated primary-side

induction. Therefore customized transformer is not considered to be used as the parameters

are hard to control. However, most of the recommended commercial transformers are either

unavailable from the market or obsolete. The transformers made by Coilcraft are the only

options. However, the most miniature transformer on the recommendation list has a size of

17.2× 22× 8.9 mm, which is still the biggest electric component on the final magnetorquer

board. Therefore the location of the transformer shall be carefully designed to balance the

final board mass distribution and minimize the interference with other components. The target

voltage can be simply adjusted by changing one resistor. The final target voltage is selected to

be 400 V as mentioned before, and the smallest transformer with part number DA2032-AL is

selected, together with the NMOS-FET IRF7493 made by International Rectifier. With these

components selection, the module can achieve an overall efficiency of around 90 % when

works in "3A charging mode" with higher than 12 V input voltage. The final circuit schematic

of the charging module is shown in Fig. 3.15. The module charging waveform and test results

will be discussed in the test result section.

For a CubeSat mission, the power requirement is more strict, and 70 W instantaneous power

consumption is still beyond the capability of the CubeSats’ power bus. Therefore other

charging modules will be selected to adapt to the extreme power requirement for the CubeSats

and will be introduced in chapter 5.
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FIGURE 3.15. Schematic of the charge module.

3.2.2.4 H-Bridge

H-Bridge is another vitally important module for the magnetorquer as it determines the

direction of the discharge current and the magnetization direction of the torque rod.

There are some requirements when designing the H-Bridge.

(1) Firstly, the components shall be durable and robust. Since the H-Bridge consists of

four independently controlled gates, the normal operation requires all of them to be

fully functional. Therefore any failure of the gate will result in the malfunction of

the whole magnetorquer. It is not a severe problem for normal magnetorquers as the

satellites only lose one type of actuator and control input, which can be compensated

by other actuators, such as thrusters and reaction wheels. However, for the EPM, if

the H-Bridge brakes when the torque rod is at its full magnetization, there will be a

constant torque applied on the satellite trying to align with the local Earth’s magnetic

field line, which is extremely hard to rectify using other actuators, and may cause

the mission failure due to the loss of orientation and controllability. Therefore the

reliability and robustness of the H-Bridge are crucially important.

(2) Second requirement is that each gate of the H-Bridge should be easy to control and

require as few peripherals as possible. The more peripherals it requires, the high

possibility that it may fail. In addition, if the gates require multiple voltage levels to
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operate, more voltage regulators will be used, which adds design complexity and

reduces overall efficiency.

(3) Lastly, the H-Bridge should be explicitly designed to handle high voltage and high

current pulse in a small form factor. Since the average power the circuit should

handle is relatively small, the component selection shall be as small as possible as

most of the components’ sizes are determined by the average power it can handle.

However, the H-Bridge shall be able to handle a very high surge current as it is how

the system is designed to be working. Moreover, the physical size of the H-Bridge

shall be as small as possible since each axis of the magnetorquer shall be controlled

independently, meaning that there will be three H-Bridges to handle all three axes,

resulting in a total of 12 gates to be installed on a single board. If the components

are too big, they may not be able to fit into a small board, which adds a considerable

design difficulty as the component size, average power rating, and maximum surge

power capability are generally tied together.

Three types of On-Off components commonly used for H-Bridges are compared to meet

the requirements. The most common is metal–oxide–semiconductor field-effect transistor,

or MOS-FET. This component is widely used in H-Bridge for motor driving, switching

mode power supply, and other applications that require high-frequency switching operation.

However, due to its voltage-driven feature, usually, MOS-FETs require a dedicated H-Bridge

driver to operate. Before turning on, there is a high impedance between the drain and source

pins of the MOS-FETs. Once a voltage is applied to the gate pin in reference to the source pin,

the impedance between the drain and source pin will decrease. The impedance, or resistance,

between the drain and source pin, is called On-Resistance, denoted by RDS(on). This value is

highly dependent on the voltage on the gate pin. If there is not enough voltage applied to the

gate, the high RDS(on) will cause a significant voltage drop, and there will be a large amount

of power wasted in the form of heat built up within MOS-FETs, which further reduce the

performance. Normal MOS-FETs require about 12 V to be fully turned on, which may not be

easily available on small satellites’ power bus. Furthermore, most MOS-FETs are used for

low voltage, high frequency, and moderate current switching purposes. The required voltage

tolerance for the EPM is more than 400 V, and the maximum pulse current could exceed
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100 A, which makes MOS-FETs not the ideal choice to be used for H-Bridge. Another type

of MOS-based transistor, insulated-gate bipolar transistor (IGBT), is commonly used for high

voltage and high power switching. However, similar to MOS-FETs, these devices require

high gate voltage to operate, and the pulse current handling capability highly relies on the

package size. The common IGBTs that can withstand more than 600V gate-emitter voltage

are in TO-247 or TO-220 packages and for very high power switching. These components are

too big for the EPM circuit board, and the complex control circuit requires multiple voltage

supplies and peripherals. Instead of a transistor, the last candidate component is thyristor, a

type of silicon-controlled rectifier (SCR). The working principle is similar to the MOS-FETs

and IGBTs. The gate pin controls the conductivity between anode and cathode. However,

instead of being controlled by voltage, the thyristor is triggered by the current signal, and

once opened, the anode and cathode will remain conductive until the current drops below a

threshold and cannot be turned back off through the gate pin. This is not ideal for switching

circuits as the conductivity is not fully controllable and depends on the circuit configuration,

which makes the switching frequency relatively low and requires complex circuit design.

However, the advantage of using thyristors is the low triggering conditions. With only several

mA and around 1 V pulse signal, the thyristor can be fully opened with minimal power loss,

and it does not require the presence of the signal to maintain the "open" state. In addition,

the thyristor can handle the high instantaneous voltage and current pulse in a small package,

which makes it the ideal choice for the H-Bridge of the magnetorquer.

Considering all these features, the thyristor is selected to be the gate of the H-Bridge for the

magnetorquer. Specifically, the model "BT151S-650L" made by WeEn Semiconductors is

chosen to be used to form the H-Bridge for the magnetorquer. This thyristor features 650 V

maximum repetitive peak reverse voltage and 132 A non-repetitive peak on-state current

for a 8.3 ms pulse time in a SOT428 package (6.5 × 10 × 0.5 mm) [23]. It can be easily

triggered with 2 mA current at 0.4− 0.6 V, which any microcontrollers can supply. Therefore

the H-bridge can be connected and controlled by the microcontroller directly with some

protection on the high side of the bridge, which meets the easy-to-control design requirement.

The peak voltage and surge current capability also meet the design requirements directly. The
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package is small enough to be embedded in a standard CubeSat circuit board, considering

that twelve thyristors must be installed, with four each axis.
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FIGURE 3.16. Schematic of one of the H-Bridge.

The H-bridge for one axis torque rod solenoid is shown in Fig. 3.16. The inductor symbol in

the center of the H-Bridge represents the torque rod solenoid. The top half of the bridge is

connected with the capacitor array, which makes the T1 and T2 high side gates. Since there is

no isolation between the gate and the other electrodes, a diode array "BAW101,215" consists

of two diodes with 300 V reverse block voltage each is used with two diodes connected in

series to protect the microcontroller. The 1 Ω resistor restricts the inrush current once the gate

pin goes high. For the low side, the gate pin is pulled down through a 100 Ω resistor to ensure

the default close state of the gate.

3.2.2.5 Feedback control method

There is no doubt that the magnetorquer has to be under full control. Therefore all changing

parameters have to be monitored and controlled. On the driving circuit, two key parameters

determine the charging performance of the torque rod. The first parameter is the capacitor

charging voltage, and the second is the torque rod magnetization status. The capacitor

charging voltage can alter the pulse energy and change the imax as described in section 3.2.2.2.

The magnetization measurement can describe if the torque rod’s magnetization reaches the

desired value. In the previous sections, only the maximum discharge current is analyzed as it
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determines the possible maximum magnetization. However, the change in the magnetization

status is not instantaneous. If the duration of the externally applied field is too short, there

may not be enough time for the magnet to be fully magnetized. Therefore multiple pulses

are required in this case to ensure the torque rod reaches the desired magnetization, and the

monitor of the magnetization provides a feedback signal.

The feedback of the capacitor charging voltage is not complex. A voltage divider consists of

a 1 MΩ and a 10 kΩ resistor providing a 100 : 1 voltage reduction ratio is connected directly

to the capacitor array to provide the analog voltage signal of the charging voltage and can be

read by an analog to digital converter (ADC). Note that 2512 packaged 1 MΩ resistor is used

to provide sufficient separation between electrodes to avoid arc discharge at low air pressure.

The magnetization measurement feedback, however, is not designed to measure the mag-

netization directly. As mentioned in the chapter 1, the direct measurement of a magnet’s

magnetization is hard and normally achieved using other indirect methods. Since the magnet-

ization is directly related to the dipole moment according to the eq. (3.9), measuring dipole

moment and calculating the average magnetization is usually used to obtain the magnetization

of a magnet. There are several methods utilizing the measurement of the ambient field to

measure the dipole moment. Bagus, R. introduced a method by measuring the magnet’s

magnetic field at arbitrary points and comparing the theoretical value at those points with

an ideal solenoid. Once the measurement matches the theoretical one, the magnet can be

treated as equivalent to the ideal solenoid, and the property can be calculated using solenoid

formulas [111]. Hall, M. et al. suggested measuring the magnetic field strength at a distance

greater than five times the separation of the dipole, and the dipole moment of that dipole can

be calculated through these equations:

Hr =
µ0

4π

2m cosα

x3
(3.20a)

Hφ =
µ0

4π

m sinα

x3
(3.20b)
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where the α is the angle between the direction of the moment and the line drawn from the

center origin of the dipole to an arbitrary point P, and x is the distance from the origin to the

point P. He claimed a ±2.7% uncertainty for a confidence level of 95% using this method

[49].

However, these two methods require either a clean magnetic environment and accurate

location of the arbitrary points or a measurement location far away from the magnet, which

is not applicable for the EPM presented in this thesis. Instead of accurately measuring the

dipole moment, a hall sensor placed and fixed directly on the surface of the magnet is used

as a relative reference. Once the hall sensor’s relative position to the magnet is fixed, it will

output a voltage reading corresponding to the magnet’s magnetization status. Mapping the

hall sensor reading with the dipole moment measured through other dynamical methods will

create a chart. After careful calibration, the dipole moment can be read out from this chart to

calculate the magnetization. The hall sensor model "DRV5055A4" is used to measure the flux

density of the magnet and is powered by 5 V. The TO-92-3 package is used for the X and Y

axis torque rod, and the SOT-23-3 package is used for the Z axis.

3.2.3 Torque rod design and parametric study

After determining the driving circuit, the core of this magnetorquer, the torque rod, will be

designed and analyzed in this section. Firstly the copper wire winding, which affects the

inductance of the RLC circuit as mentioned in section 3.2.2.2, will be analyzed. Then the

performance difference caused by the shape of the torque rod will be analyzed based on both

simulation and experiment, followed by the final torque rod design description of the EPM.

3.2.3.1 Torque rod solenoid

As part of the RLC discharge circuit as analyzed in section 3.2.2.2, the inductance and serial

resistance are mainly contributed by the torque rod solenoid. Therefore the equations (3.17)

and (3.3) will be analyzed in this section together with the selected capacitors and capacitor

initial voltages.
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As analyzed before, the contribution to the imax from the capacitance increase is less than the

contribution from the increasing capacitor initial voltage. Due to the manufacturing limitations,

the maximum voltage tolerance of the ceramic capacitor drops when the capacitance increases.

Due to safety reasons, electrolytic capacitors, which usually feature high voltage and high

capacitance, are not allowed to be launched into space. Therefore the 10 µF ceramic capacitors

array with a maximum 450 V tolerance is selected as the main discharge capacitor.

Instead of finding capacitors with large capacitance, the series inductance and resistance,

however, shall be kept minimal. As shown in Fig. 3.17 and Fig. 3.18, the Ψ shows a negative

relationship with the inductance and resistance if the other two parameters remain unchanged.
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FIGURE 3.17. Coefficient Ψ as a function of inductance L with fixed capacit-
ance and resistance.

However, the conclusion to the effect of the inductance and resistance cannot be made yet.

The increase of the inductance and resistance corresponds to an increase in the number of

turns of wire for the solenoid, where the induced magnetic field intensity, H , will change

according to eq. (3.3). For a magnet core with a fixed length, the higher wire density n can

be achieved by overlapping layers of wires. Therefore increasing the number of turns of the

wire for a fixed-length magnet core will cause three major effects: (1) the length of the wire
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FIGURE 3.18. Coefficient Ψ as a function of resistance R with fixed capacit-
ance and inductance.

will increase, which will increase the resistance, thus decreasing the imax and field intensity

H; (2) the inductance will increase quadratically according to eq. (3.14), thus decrease the

imax and field intensity H; (3) the wire density n in eq. (3.3) increases, which increases the

field intensity H linearly. Since the turns of wire have both positive and negative effects

on the imax and field intensity H , there could be an optimal solution, which shall be solved

analytically.

The eq. (3.3) can be rewritten as:

Hmax =
N · imax

l
(3.21)

where the N is the number of turns of wire of the solenoid, and l is the length of the solenoid.

Replacing the imax with equation (3.17), the upper equation can be written as:
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Hmax =
N · V0 ·Ψ(R,L,C)

l

=
N · V0

ωdlL
e
−α

1
ωd

arctan
ωd

α sin (arctan
ωd

α
)

(3.22)

where α, ωo, and ωd are defined in eq. (3.10), (3.11), and (3.12). Substituting the equation

(3.14), the previous equation can be written as:

Hmax =
N · V0

ω′
dµrµoN2A

e
−α′ 1

ω′
d
arctan

ω′
d

α′
sin (arctan

ω′
d

α′ ) (3.23)

where the single quote denotes the new parameter calculated with the substituted L. Let the

turns of wire N be the variable, and d represent the wire diameter, the resistance R, which is

not shown in the previous equation, is represented as:

R(N) =



R0 + ρNπD, N ≤ Nmax

R0 + ρπDNmax + ρπ(N −Nmax)(D + 2d), Nmax ≤ N ≤ 2Nmax

R0 + ρπNmax

[
(⌈ N

Nmax
⌉ − 1)D + 2d

∑⌈ N
Nmax

⌉−2

1

]
N > 2Nmax

+ρπ

[
N − (⌈ N

Nmax
⌉ − 1)Nmax

][
D + 2d(⌈ N

Nmax
⌉ − 1)

]
,

(3.24)

where ρ is the resistivity of the copper wire, Nmax is the maximum turns of wire per layer,

calculated as Nmax = ⌈l/d⌉, and D is the diameter of the torque rod. Assuming a constant

cross-sectional area and using the chosen capacitor array and initial voltage, the relationship

between maximum field intensity Hmax, maximum current imax, time of maximum current

tmax and turns of AWG 28 enameled copper wire is shown in Fig. 3.19 and 3.20, respectively.

From the Fig. 3.21 and 3.22, the maximum field Hmax = 376.1 kA/m occurs with 1311 turns

of AWG28 enameled copper wire wrapped on a 60 mm AlNiCo 5 torque rod. Although the

maximum current is lower comparing with the estimation from section 3.2.2.2 (56.74 A), the
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FIGURE 3.19. Maximum field intensity Hmax and maximum discharge cur-
rent imax as a function of turns of wire with 60 mm torque rod and AWG 28
enameled copper wire.
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FIGURE 3.20. Time of maximum current tmax as a function of turns of wire
with 60 mm torque rod and AWG 28 enameled copper wire.
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maximum field intensity can be almost doubled (189.13 kA/m). The time when maximum

current occurs tmax remains under 250 µs when the turns of wire increases.

Although the maximum field intensity can be doubled by adding more turns of wire to the

torque rod solenoid, the longer wire will cause introduce excessive weight, which shall be

avoided in small satellites, especially CubeSats, where the weight budget is highly restricted.

To further optimize the solenoid, copper wires of different AWGs are added to the analysis.

Assuming the length of the magnet is unchanged, different wire gauges have different res-

istivity ρ and diameter d, which will also affect the Nmax. In addition, the cross-sectional

area A, which affects the inductance of the solenoid, cannot be assumed to be constant as the

overlapping of thick wires will vastly increase the cross-section area. The accurate inductance

of a solenoid with multiple layers of copper wires is hard to calculate. Therefore the mean

radius of the solenoid will be used to calculate the area, and thus the inductance can be

calculated as:

L′ =
µrµ0

4l
N2π(D + 2d⌈ N

Nmax

⌉)2 (3.25)

The effect of the turns and copper wire of different AWGs on the maximum magnetic field

intensity Hmax is shown in Fig. 3.21, followed by the corresponding tmax plot shown in Fig.

3.22.

From the figure, the maximum field intensity occurs at around N = 300 − 1300 for the

copper wire of AWG 26− 32. Note that when using high AWG wires, which is preferred for

conventional magnetorquers, higher turns of wire will bring higher inductance and resistance,

the maximum field intensity is significantly suppressed, and the discharge time is drastically

extended. Considering the weight of the solenoid, the turns shall be kept minimal. Therefore

one of the optimal torque rod solenoid configuration could be using AWG 28 enameled copper

wire to wrap two layers for the 60mm long 6 mm diameter AlNiCo 5 torque rod. Due to the

system weight, ease of manufacture, and PCB layout, the torque rod solenoid used for the

EPM in this thesis has only one layer of winding with AWG 28 enameled copper wire, whose
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FIGURE 3.21. Maximum field intensity Hmax as a function of turns of wire
and wire with different AWG for 60 mm length torque rod.

FIGURE 3.22. Time when maximum current occurs tmax as a function of
turns of wire and wire with different AWG for 60 mm length torque rod.

performance is estimated at the end of section 3.2.2.2. Although the configuration is sub-

optimal, it can still reach around 70 % of the maximum magnetization. Future versions will

focus on using optimal configuration to reduce the power consumption further and increase
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the magnetization. Note that this optimization is for the 10 µF capacitor array working at 400

V initial voltage and for a specific torque rod dimension. However, this optimization method

could also be used for other electrical and torque rod dimension configurations.

3.2.3.2 Torque rod performance vs. shape parametric study

The shape of the torque rod is the last and the most important part of the EPM as it is

the component that provides the torque. All the previously discussed aspects, including

circuit design, components selection, and parameters optimization, aim to provide maximum

magnetization of the rod with minimal energy in the shortest time. The effect of the shape

of the torque rod on the magnetorquer performance shall be analyzed and determined as the

final step of the design of the EPM. In this section, firstly, the magnetization of the torque

rod in terms of rod diameter and length is investigated analytically. To verify the results,

the dipole moment is then measured experimentally as an indirect method of measuring the

magnetization, as mentioned before. Besides, since the dipole moment is the main parameter

of interest of a magnetorquer, it can be used directly as a measure to compare the performance

difference with different torque rod shape parameters.

The analytical model and the experiment setup shall be explained first. Firstly the torque rod

solenoid configuration in the analytical model and experiments are kept the same. The magnet

rods under test are wrapped with one layer of AWG 28 enameled copper wire from end to

end. Although this configuration cannot guarantee the same applied field for magnets of

different lengths and diameters, this study aims to investigate the performance of the magnet

rods of different sizes for being used as torque rods for the EPM. To keep the applied field

the same for all magnets is readily available by simply using one solenoid and the same

discharge parameters for all the tests. However, this configuration is not applicable for the

EPM, and wrapping the magnet rod from end to end is the most appropriate configuration for

the EPM. Therefore the more accurate title for this section would be "The parametric study of

the magnet rod for being the torque rod of the EPM." Fig. 3.23 shows the model configuration

and parameters under control.
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FIGURE 3.23. Indication of the torque rod configuration and parameters
under control for the parametric performance study.

The magnetic field intensity H is assumed to be the same and uniform inside the solenoid

and is described by equation (3.3). However, the field is not linear and uniform for a solenoid

with finite length. The field in the axial and radial direction highly depends on the location of

the measurement point and the geometry of the solenoid. Derby, N. summarized the general

equations that describe the magnetic flux density in the radial and axial direction inside a

cylinder of length 2b and radius a wrapped by a solenoid with a number of turns per unit

length n carrying current I [33]:

Bρ = Bo[α+C(k+, 1, 1,−1− α−C(k−, 1, 1,−1))] (3.26)

Bz =
Boa

a+ ρ
[β+C(k+, γ

2, 1, γ)− β−C(k−, γ
2, 1, γ)] (3.27)

where

Bo =
µo

π
nI,
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z± = z ± b,

α± =
a√

z2± + (ρ+ a)2
,

β± =
z±√

z2± + (ρ+ a)2
,

γ =
a− ρ

a+ ρ
,

k± =

√
z2± + (a− ρ)2

z2± + (a+ ρ)2
,

and function C(kc, p, c, s) is the generalized complete elliptic integral, can be expressed as:

C(kc, p, c, s) =

∫ π/2

0

c cos2 φ+ s sin2 φ

(cos2 φ+ p sin2 φ)
√
cos2 φ+ k2

c sin
2 φ

dφ (3.28)

According to the equations, the magnetic field intensity inside a 60 mm long 6 mm diameter

cylindrical solenoid carrying 100 A current is shown in Fig. 3.24.

FIGURE 3.24. Magnetic field intensity inside a 60 mm long 6 mm diameter
cylindrical solenoid carrying 100 A current.

It can be seen that the field intensity is uniform in the middle of the solenoid. When

approaching the end, however, the field strength decreases drastically. Eight simulations with

the solenoid at a controlled diameter and length carrying 100 A current were performed in

ANSYS to intuitively compare the effect of the radius to the magnetic field intensity. The first

four simulations are performed for solenoid with 60 mm length and different diameter from 6

to 15 mm. The second four simulations kept the diameter unchanged at 6 mm and changes

the length from 50 mm to 20 mm. The simulation results are shown in figs. 3.25 and 3.26.

Note that colormap settings are the same for all plots.
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FIGURE 3.25. Magnetic field intensity inside a 60 mm long cylindrical solen-
oid carrying 100 A current with various diameter.
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FIGURE 3.26. Magnetic field intensity inside a 6 mm diameter long cyl-
indrical solenoid carrying 100 A current with various length.
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From Fig. 3.25, the most uniform and high field intensity occur inside the solenoid with 6

mm diameter. Although the field gets weaker close to the end area, most of the inside area

is strong and uniform. The field becomes weaker when the solenoid diameter increases and

the non-uniform area start to enter the solenoid’s center area. Besides, for the same driving

current, the field intensity inside the solenoid decreases with the increase of the solenoid

diameter. Therefore, a higher current is required for the thicker torque rod to achieve the same

magnetization as a thinner rod. Although the dipole moment may increase due to the increase

of the volume of the magnet, the low magnetization reduces the overall system efficiency,

and the weight increase from the thick torque rod may reduce the overall performance. From

the simulation with magnet bar with the same diameter and different length, as shown in

Fig. 3.26, the magnetic field intensity inside the solenoid does not change significantly.

However, the non-uniform field area at two ends of the magnet bar takes a larger volumetric

percentage as the total magnet volume decrease, which would result in a slight decrease in

overall magnetization when the magnet length decreases.

A test apparatus was designed and developed to test the magnet rod with different diameters

and lengths to investigate the effect of the torque rod size experimentally. The major equipment

is the Helmholtz age, which consists of several squares or round solenoids with controlled

size and position to generate a uniform, fully controllable magnetic field. The details of

the Helmholtz cage will be introduced and described in section 3.3.1. The dipole moment

is measured through the small angle oscillation method, which is achieved by hanging the

magnet bar inside the test area of the Helmholtz cage and using a hall sensor to count the

oscillation period to calculate the frequency. The details of this measurement method will be

described in detail in section 3.3.3. Two groups of magnets bar are prepared to test the effect

of the length and radius of the bar magnet. The first group consists of the magnet bars with

the same length but changing radius, and the second group consist of the magnet bars with the

same radius but changing length. Table 3.1 lists the length and diameter of the magnet rods

for two groups under test. To ensure the magnet bars under test are experiencing the same

excitation, the same demagnetization sequence and five magnetizing pulses with an initial

capacitor voltage of 400 V are applied to all the magnet bars before the dipole moment test.

The details of the demagnetizing sequence will be introduced in the later section.
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TABLE 3.1. Two groups of magnet bars under test.

Material: AlNiCo 5

Group 1 Group 2

Length
(mm)

Diameter
(mm)

Diameter
(mm)

Length (mm)

20

4

6

10
5 12
6 15
7 20
8 25
10 60
14 -
15 -

The measurement results of the dipole moment and magnetization for two groups of magnet

bars are summarized in Table 3.2.

TABLE 3.2. Dipole moment and the magnetization measurement result of two
groups of magnet bars.

Group 1 Group 2

Diameter
(mm)

Dipole moment
(Am2)

Magnetization
(A/m)

Length
(mm)

Dipole moment
(Am2)

Magnetization
(A/m)

4 0.1824 764038 10 0.08 283059
5 0.2498 636009 12 0.1089 320999
6 0.3206 566980 15 0.1892 446163
7 0.3672 477097 20 0.3206 566980
8 0.3939 391866 25 0.4776 675641
10 0.5592 355998 60 1.287 766302
14 0.5121 166332 - - -
15 0.6606 186911 - - -

To analyze the trend of the effect of magnet rod shape, the results in the previous table are

visualized and shown in Fig. 3.27. The data points in table 3.2 are shown as markers, and the

solid lines show the curve fitting of the data points.

From Fig. 3.27a, the overall dipole moment increases with the increasing magnet diameter,

which confirms the results concluded from the simulation that using a thicker magnet bar
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(A) Dipole moment and magnetization versus magnet diameter.
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(B) Dipole moment and magnetization versus magnet length

FIGURE 3.27. Measured dipole moment and corresponding magnetization
for magnet bars with different diameters and lengths.
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could increase the dipole moment with the same discharge circuit, although the increase rate

seems to become slower as the diameter rises. The magnetization, however, decreases with

the increasing magnet diameter, which agrees with the trend shown in the simulation results.

From Fig. 3.27b, the dipole moment seems to increase linearly with the increasing length of

the magnet. This is caused by the volume difference of magnets according to the eq. (3.9).

However, the magnetization of the magnets also increases with the length, and it seems to

be saturated when the length further increases. Since the field intensity profile inside the

solenoids with the same diameter and different lengths are similar, the different magnetization

could be caused by the discharge time and discharge current profile due to the change of

series resistance and inductance of the circuit. To reach higher magnetization, optimization

must be performed to find the optimal wire AWG and the turns of the wire. However, even

if the magnet reaches the maximum possible magnetization, a small volume will result in a

small dipole moment. Therefore the selection of the size of the torque rod and the maximum

dipole moment must be balanced and optimized for different target satellites and mission

requirements.

Considering the maximum dipole moment, satellite mass budge, and system efficiency, the

AlNiCo 5 magnet bar with 6 mm diameter and 60 mm length is selected as the main torque

rod for the EPM in this thesis.

3.2.4 EPM test result

This section will test the prototype EPM regarding torque rod status under different charge

and discharge conditions. The hall sensor reading will be used as feedback to monitor the

torque rod status. Since the charging process is discrete, the magnet’s residual induction will

not follow the continuous hysteresis loop. Therefore the torque rod response under different

pulse conditions is of interest and shall be determined as it is directly related to the energy

consumption and overall performance.
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3.2.4.1 Experimental setup

The driving circuit is described in great detail in the previous sections. The torque rod and

torque rod solenoid are set up following the discussion result from the previous section. A

10× 10 cm circuit board with all the integrated sub-systems has been manufactured and is

shown in the figure. 3.28. The bottom side of the left figure is the capacitor charging circuit,

and the top right corner is the breakout of the control pins. Two torque rod described in the

previous section is installed on the 3D printed support structure with PLA material in the

orthogonal position shown as the red structure in the left figure. The red block in the middle of

the board is the torque rod for the Z axis. The ideal configuration for the Z-axis torque rod is

the same as the X and Y axes. However, due to the size and weight limit, the shorter magnets

are selected to be installed in the middle of the board and covered by a 3D printed case. The

hall sensor is placed and fixed directly on one end of the torque rod. An Arduino Uno via

wire connection controls the board. The Arduino built-in analog to digital converter (ADC) is

used to read the hall sensor and capacitor voltage divider’s analog signal. A customized 3-cell

lithium-ion battery (not shown in the figure) is used to provide the main charging power to the

board. On the back of the board, as shown in the right part of the figure 3.28, is used to place

12 of the thyristor and four main discharge capacitors as introduced in the previous sections.

The board is configured that the top layer only contains low voltage, and the bottom layer is

used for high voltage to avoid potential damage caused by the high voltage breakdown. The

voltage reading from the Arduino built-in ADC of the capacitor voltage and hall sensor is

monitored and plotted for the experiment.

3.2.4.2 Basic working principle

Firstly the general circuit working principle shall be introduced to demonstrate the basic

operation process. Fig. 3.29 shows the capacitor voltage waveform and the hall sensor reading

for four continuous pulses.

From the figure, the charging circuit started to operate at around −5 ms, and took around 10

ms to charge to around 230 V. The hall sensor’s initial voltage is around 4 V, indicating that

the magnet is now being magnetized in a certain direction. According to the manufacturer’s
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FIGURE 3.28. Prototype board of the EPM (left) top view, (right) bottom
view.
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FIGURE 3.29. Waveform of capacitor voltage and corresponding hall sensor
reading.

datasheet, the 2.5 V hall sensor voltage represents the zero magnetic flux density. Then

the discharge command was sent to the H-bridge, and the energy inside the capacitor was

discharged through the torque rod solenoid. This process is shown as the sudden drop of the

capacitor voltage shown in the figure. Since the discharge process finished within the sample
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rate of the Arduino, the detailed discharge profile cannot be seen in this figure. The field

generated by the torque rod solenoid was against the original magnetization direction of the

torque rod. Therefore, upon discharging, the hall sensor voltage dropped due to the change in

the direction of the torque rod internal magnetization. However, due to the short pulse time

and the limited imax, the magnetization of the torque rod cannot be fully reversed after one

pulse. However, a single pulse at around 230 V can almost bring the magnetization to almost

zero. After the second pulse at the same voltage, the overall magnetization direction was

revered, which makes the hall sensor voltage drops below the 2.5 V zero thresholds. After the

third and the fourth pulse, the hall sensor reading dropped to around 1.7 V. The hall sensor

voltage will be converted to mT in the results below following the data sheet provided by the

hall sensor manufacturer.

3.2.4.3 Measured flux density vs. capacitor voltage

The relationship between the torque rod magnetic flux density, the capacitor voltage, and

the number of pulses is investigated at first. Fig. 3.30 shows the measured flux density of

the torque rod with number of pulses at 100 V capacitor voltage. From the figure, the flux

density reaches to around −80 mT after 20 pulses, and slowly approaching its final value,

which is around −85 mT. After reaching the final value, further pulses cannot increase the

magnetization, which agrees with the hysteresis loop that the residual induction of the magnet

does not change if the applied field intensity is below a certain threshold. This phenomenon

can be seen in the figure. 3.31a and 3.31b. The alternating and decreasing applied voltage

is the demagnetization process, which will be introduced in the later section. After being

demagnetized, the flux density reaches and remains at a certain value after 80 pulses of a

certain capacitor voltage and then rises to a higher value when pulses with higher capacitor

voltage are applied. Note that the capacitor voltage and flux density sign demonstrates the

direction of the magnetization. The actual capacitor voltage is always positive, and only the

discharge direction changes, which is controlled by H-bridge.

Fig. 3.31c shows the flux density measurement in response to step increase capacitor voltage

but in the alternating direction. Firstly it can be seen that the saturated flux density profile
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FIGURE 3.30. Torque rod magnetic flux density measurement for 120 char-
ging pulses at 100 V.

for different capacitor voltage is symmetrical about the zero density line for both directions.

This shows great symmetry about the torque rod magnetization property, which is essential

for being an actuator and a control input. The second thing to be observed from the figure

is that it takes more pulses to reach the saturated flux density for lower input voltage. This

phenomenon can be seen clearer in Fig. 3.32. 80 pulses are applied to the torque rod at

different capacitor voltages. For the 100 V capacitor voltage, the magnet flux density does

not reach its saturating value after 80 pulses. In contrast, for the 200 V capacitor voltage,

the magnet flux density reaches saturation at the beginning of the discharge. For different

capacitor voltages, the saturated flux density with different capacitor voltages is summarized

in Fig. 3.33.

3.2.4.4 Demagnetize and residual B field

As the most important process, the demagnetization process determines if the EPM can be

turned off and "how" the EPM can be turned off. As introduced in the section 2.1.2, the

demagnetization of the ferromagnetic material requires the externally applied field to follow

the pattern shown in Fig. 2.7. In the EPM, the required alternating field is achieved through
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(B) Step increase of capacitor voltage in reversed direction.
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(C) Step increase of capacitor voltage in alternating direction.

FIGURE 3.31. Torque rod flux density versus incremental and alternating
capacitor voltage in two directions.

discharging the capacitor at descending voltage pattern in the alternating direction to the

torque rod solenoid. Two capacitor voltage profiles are used to test the demagnetization

performance. As shown in Fig. 3.34, profile 1 in the left part of the figure consists of linearly

decreasing capacitor voltages, while profile 2 consists of exponentially decreasing capacitor

voltage with three pulses at each voltage data point.

Both discharge profiles can reduce the magnet flux density reading to close to zero, as shown

in Fig. 3.35. However, the charging response of the magnet shows asymmetry after different

demagnetization profiles, and the flux density of the magnet during the demagnetization

process shows different profiles. From Fig. 3.35a, both capacitor voltage and flux density

show symmetry about the zero line, and the magnetic flux density measurement for the

charging process in both directions look symmetrical. However, for the demagnetization

profile 1, as shown in Fig. 3.35b, the flux density during the demagnetization process shifted

to the bottom of the figure. The charging performance after the demagnetization is not
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(A) Alternating discharge direction at 100 V capacitor voltage.
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(B) Alternating discharge direction at 200 V capacitor voltage.

FIGURE 3.32. Magnet flux density in response to different capacitor discharge
at the alternating direction.
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FIGURE 3.33. Saturated magnetic density versus the capacitor voltage.
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FIGURE 3.34. Two capacitor voltage profile for the demagnetization process.

symmetrical in two directions. The charging towards the bottom side seems to be faster

and easier than that towards the plot’s top side, which could be caused by the minor loop

effect as introduced in section 2.1.2, and the charging would be easier towards the previously

magnetized direction. Note that for the profile shown in Fig. 3.35b, three pulses at 400 V in

both directions were applied to the torque rod to pre-eliminate the internal magnetization bias.

However, the results show that this method has a negligible effect on the final magnetization

results. The torque’s final magnetization status does affect the flux density’s leaning side, as
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shown in Fig. 3.36. If the demagnetization starts when the magnet has positive measured flux

density, the overall profile leans to the positive side, and vice versa.

Note that from Fig. 3.35a, the flux density after the demagnetization process does not fall

on the zero line, which indicates a significant residual induction and will generate a residual

dipole moment. This could be fixed by tuning the demagnetization voltage profile and shifting

the voltage towards the positive direction. Fine tuning of the demagnetization voltage profile

is crucial and will be carefully studied in future research.

3.2.4.5 Discharge profile

The voltage and current trace details for each pulse are of interest and shall be investigated as

part of validating the design parameters. Since the time for each pulse is within hundreds of

microseconds, which is hard to be captured by the Arduino Uno due to the limited analog-to-

digital (ADC) channel sampling frequency and system resources, and it is hard to visualize

the response using a single microcontroller, the oscilloscope is used to capture and plot the

details of the pulse. Direct measurement of the discharge current is tough, especially for

this pulsed discharge circuit. Any inline resistance will affect the final current profile, and

non-contact measurement devices are too big for such a small device. Therefore the capacitor

voltage is measured instead, and the current profile is then recovered by curve fitting the

captured voltage history to the relevant equation derived from the RLC circuit.

The current for the underdamped RLC circuit is described in equation (3.15) as discussed

in section 3.2.2.2. According to the equation, to plot the current trace, the initial voltage V0,

parameters (α ωo ωd) calculated from series resistance, inductance, and capacitance shall

be determined. The capacitance can be measured directly using a multimeter. However,

the inductance and resistance are hard to be measured directly as they are related to the

opening characteristics of the H-bridges gate thyristors. To obtain these two parameters, the

measured voltage trace is curve fitted to the equation (3.29) below using MATLAB Curve

fitting function.
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(A) Alternating discharge direction at 100 V capacitor voltage after exponentially decreasing capacitor
voltage in demagnetization.
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(B) Alternating discharge direction at 100 V capacitor voltage after linearly decreasing capacitor
voltage demagnetization.

FIGURE 3.35. Charging response after different demagnetization profiles.
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FIGURE 3.36. Alternating discharge direction at 100 V capacitor voltage
after linearly decreasing capacitor voltage demagnetization with different pre-
demagnetize torque rod status.

Vc =
1

C

∫
idt

= − 1

C

∫
V0

ωdL
e−αt sinωdt dt

= − V0

ωdLC
· 1

1 + α2ω2
d

· [−αe−αt sinωdt− α2e−αtωd cosωdt]

(3.29)

After obtaining the inductance and resistance through curve fitting, the discharge current

profile can be plotted by substituting all the parameters into the eq. (3.15). Fig. 3.37 shows a

typical capacitor voltage trace and corresponding fitted current profile. The voltage spike at

the beginning of the voltage trace could be caused by the noise generated by the pulse signal

to the H-bridge.

The maximum discharge current can be found by substituting the fitted parameters into

the equation (3.17). Voltage traces for a sequence of 10 pulses changing the magnetization
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FIGURE 3.37. Measured discharge voltage trace and the fitted discharge
current for a pulse at 400 V capacitor voltage.

direction of the torque rod is gathered. The peak current is calculated from the fitted parameters

and is shown in Fig. 3.38.
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FIGURE 3.38. Maximum current imax for continuous 10 pulses at 400 V
capacitor voltage to charge the torque rod in one direction and the reversed
direction.

From the figure, it can be observed that the peak current reaches a maximum value of

around 140 A for charging in one direction and 120 A in the other direction from as low

as around 50 A initial peak current for the first pulse. Although the initial peak current

conforms to the estimation at the end of the section 3.2.2.2, the upcoming peak current

increases with the increasing number of pulses. Since no obvious temperature change is
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observed for each component, the capacitance and resistance of the discharge circuit cannot

be changed. Therefore the only parameter that is changing is the inductance. Suppose the

applied excitation field direction is opposite to the torque rod current magnetization direction.

In that case, the torque rod solenoid has its maximum inductance, reducing the peak discharge

current, according to Fig. 3.17. Once the magnetization direction of the torque rod is changed

and complies with the external field direction, the equivalent inductance reduces, yielding a

higher peak current. Once the torque rod reaches its maximum magnetization, the inductance

remains unchanged. Therefore the peak current imax will not change after several pulses. This

phenomenon, in addition, can be used to determine if the torque rod reaches the maximum

magnetization for a certain capacitor voltage. Let the microcontroller record the voltage

signal at maximum speed and extract the peak current data from the recorded voltage signal.

Suppose the calculated imax remains unchanged after several pulses or reaches a certain

pre-defined value. In that case, the magnet can be regarded as fully charged, and the charging

program can be halted. This method provides a more accurate way to control the dipole

moment of the torque rod, as the saturated magnetization for different capacitor voltage

and the dipole moment corresponding to a different magnetization level can be accurately

measured and calibrated in the laboratory. The only thing the onboard microcontroller should

do is to ensure that the desired saturated magnetization is reached for different capacitor

voltages. This method reduces the use of the hall sensor, which reduces the complexity of

both hardware and software, as the hall sensor is a source of noise, and intensive filtering and

calculation are required to remove the noise. In addition, as mentioned before, the hall sensor

installation highly affects the reading of the magnetic flux density measurement. This method

eliminates the dependency of the torque rod density measurement on the installation error,

providing higher reliability for the whole system. However, the intensive and comprehensive

calibration shall be carefully performed before using this control method, which is hard for a

University-level laboratory.
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3.2.5 Conclusion

In conclusion, the proposed EPM is designed and experimentally tested. The AlNiCo 5 is

selected to be used as the torque rod material due to the high residual induction and low

coercive force. The basic control logic is to charge the main energy storage capacitor and

then discharge the energy into the torque rod solenoid to generate a short high current pulse

to change the magnetization of the torque rod. The charging direction is controlled by the H-

bridge, which consists of four thyristors, controlled directly by the microcontroller. The main

capacitor is chosen to be a capacitor array consisting of four multi-layer ceramic capacitors

(model: C5750X6S2W225K250KA) with a total capacitance of 8.8 µF that can withstand a

maximum of 450 V. The "LT3750" capacitor charging IC made by Analog Devices with the

required peripherals is selected as the capacitor charging module. The capacitor voltage and

torque rod status are monitored using a voltage divider and hall sensor as the feedback signal

to the controller. The optimal torque rod solenoid and torque rod shape are analyzed. Due

to the ease of manufacture and overall weight consideration, the sub-optimal configuration

is used for the current EPM built in this thesis. The optimal design will be tested in future

development projects. The functionality of the EPM is tested, and the relationship between

capacitor voltage, number of pulses, and torque rod magnetic flux density is investigated

experimentally. It is found that the saturated flux density of the torque rod is related to the

capacitor voltage, and the higher the capacitor voltage will result in a shorter time to reach

saturation. The discharge voltage and current are measured and calculated. A new method

of controlling the EPM is proposed using only the capacitor voltage measurement and a

well-calibrated torque rod. This new method is not investigated deeply in this thesis and

will be a good direction in future research. The proposed EPM can be magnetized in either

direction with pulses of current from a charged capacitor bank, and it can be "turned off"

by passing an alternating current with reducing magnitude into the magnet. Compared with

conventional magnetorquer, the EPM proposed in this thesis can generate a significantly

stronger dipole moment with a small amount of energy, and it can maintain the dipole moment

without consuming energy. In addition, the time required to adjust the dipole moment is in

milliseconds scale, which adds advantages to the controllability of the system.
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3.3 Performance measurement

In this section, the performance of the EPM for satellite attitude control will be experimentally

evaluated. Firstly the experiment equipment will be introduced and described in detail,

including the Helmholtz cage, which is used to generate a controllable and uniform magnetic

field, and the Air-Bearing Table (ABT), which is a test platform that can rotate freely in three

axes within a certain boundary with minimal friction. Secondly, the EPM dipole moment

measurement methodology, which is mentioned and used to measure the dipole moment of the

bar magnets with different shape parameters in section 3.2.3.2, is introduced in detail. Then

the detumbling performance of using the EPM and B-dot algorithm is introduced, followed

by a simple controller design to demonstrate the controllability and pointing accuracy of the

EPM. Finally, the overall performance of the EPM is summarized with future development

and optimization direction pointed out.

3.3.1 Helmholtz cage

Helmholtz cage is a device that can generate a uniform artificial magnetic field in a small

area. It is widely used in the space industry to test the satellite’s attitude determination

and control system (ADCS) in the desired magnetic field environment [55, 120, 22, 94]. It

generally consists of three orthogonal pairs of coils in either square or round shape to generate

a magnetic field in X, Y, and Z directions. General usage of the Helmholtz cage is generating

the magnetic field counteracting with the Earth’s magnetic field to generate a "zero field"

area in the center of the cage and then adjusting the field strength in three axes to create the

magnetic field with desired strength and direction in that small area. A small Helmholtz cage

is designed and made in-house to test the performance of the EPM in terms of detumbling and

pointing. The basic theory, design consideration, and calibration method will be introduced in

this section.
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3.3.1.1 Basic theory

The core of the Helmholtz cage is three pairs of magnetic coils placed in parallel, with each

pair of the coil generating a magnetic field in one direction. The basic theory behind the coil

is the Biot-Savart Law, which treats the magnetic field as a result of the electric current, and

is represented below:

dB⃗ =
µ0IdL⃗xl⃗r
4πr2

(3.30)

where d⃗L is the infinitesimal length of conductor carrying electric current I , and l⃗r is the unit

vector to specify the direction of the vector distance r from the current to the field point [19].

For a magnetic coil, the magnetic field at any point inside the coil can be found by integrating

the length and current of the copper wire winding to that point. Consider two square-shaped

parallel placed coils separated by h are placed along a center axis, and each coil has a side

length of 2a, as shown in Fig. 3.39, Alvarez, A.F.R et al. and Ghaly, S.M.A et al. calculated

that the magnetic flux density at the point on the symmetric axis at a distance z from the

center point O of the two coils could be expressed as [12, 43]:

B(z) =
2µ0NIa2

π
∗

[
1(

a2 + (z + h
2
)2
)√

2a2 + (z + h
2
)2
+

1(
a2 + (z − h

2
)2
)√

2a2 + (z − h
2
)2

]

(3.31)

According to [43], the square coil can provide a wider uniform area than the circular coil.

Considering the difficulty of manufacturing, the Helmholtz cage is designed to use square

shaped coil.

3.3.1.2 Cage design and development

The main objective of the Helmholtz cage is to cancel out the Earth’s magnetic field and

generate the desired magnetic field in the test region. Due to the small size of the EPM and
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h
aO Z

FIGURE 3.39. Square shaped Helmholtz coil configuration.

the Air-Bearing Table, the preliminary design parameter is estimated to build a cage with an

cubic area with side length of 0.5m. It should be able to generate double the magnitude of

the local Earth’s magnetic field to ensure that the natural field can be reversed in the worst

case. Therefore, the side length of each square coil is set to 0.5 m for calculation. The

Earth magnetic field strength in Sydney is 57064.6 nT (∼ 57.064 µT) with a declination of

+12° 45′ and inclination of 64° 24′ [36]. To achieve the design requirements, based on the

calculation from equation (3.31), each square coil shall have 20 turns of AWG 20 copper

wires with maximum 2000 mA current to generate a center field of strength ∼ 130.304 µT,

which is slightly higher than the double of the Earth’s magnetic field strength. Due to the

overlapping of three orthogonal coil pairs, the actual side length of each coil has some offset,

and the actual field strength will be measured and calibrated in the later section.

The side length and number of turns is determined to generate the desired magnetic field

strength. However, the separation between the coils determines the uniformity of the magnetic

field in the center area. To achieve a complete uniform magnetic field inside the center area,

the equation (3.31) shall meet the requirement that:
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∂2Bz

∂z2
(0) = 0 (3.32)

Solving the above equation yields an equation relate the h to a:

h

2
= 0.5445 ∗ a (3.33)

where the 0.5445 is the separation coefficient. For the Helmholtz coil pair configured following

the design parameters described in the first paragraph, when the coil separation h and the side

length 2a meet the above equation, assume a 1 A supplied current, the magnetic flux density

along the center axis of the coil pair is shown in Fig 3.40.
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FIGURE 3.40. Magnetic flux density along the center axis of the two square
Helmholtz coil.

The figure shows that the magnetic field strength is flat and uniform within around ±0.05 m

region at the center area. However, with this coil separation configuration, only around 10 cm

diameter area has a uniform magnetic field. Beyond the region, the field deforms and decays

fast. Making a larger cage can obviously solve this problem. However, the amount of copper

and electric current increases with a larger coil, making it hard to manufacture. Another
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solution is to increase the separation between the coil, which will destroy the magnetic field

uniformity inside the center area, but only within a few percentages, which is acceptable for

the practical experiment and will be measured to obtain the real value later. Therefore the

separation coefficient in equation (3.33) is increased to 0.598, which results in an updated

figure in Fig. 3.40, as shown in Fig. 3.41.
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FIGURE 3.41. Magnetic flux density along the center axis of the two square
Helmholtz coil with adjusted separation coefficient.

From the Fig. 3.41, the diameter of the area of interest increases to 24.7 cm, which is more

than double the uniform configuration. Although the field becomes non-uniform, the field

strength variation is only 0.34%, which is acceptable.

To manufacture the cage, the "C" section aluminum extrusion beam with a cross-sectional side

length of 10× 10 cm is selected as the main material to provide the structural stiffness and the

base for the winding of the copper wire. Three coil pairs are installed concentrically, and each

pair are offset toward the bigger size to ensure they are installed and tightly touching each

other. For ease of connection, beams are connected through laser-cut acrylic sheets to form

the corner of the coil. The overlapping joint between coils is fastened through 3D-printed

brackets to ensure they are firmly attached and orthogonal. The whole cage is installed on

a unique customized table and lifted through four PVC pipes. The nylon screws, bolts, and
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nuts are used throughout the manufacturing of the cage, and the whole cage and table are

made with non-ferromagnetic materials to avoid the distortion of the magnetic field. A spacer

carefully controls the separation between the coil pairs with a length calculated from the

actual side length of the coil. The completed outlook of the cage is shown in Fig. 3.42.

FIGURE 3.42. Photo of the completed Helmholtz cage.

The cage is powered by three individual benchtop power supplies made by Multicomp Pro

(model MP710086) that can deliver a maximum of 30 V at 5 A. The power supply can be

controlled by MATLAB through Standard Commands for Programmable Instruments (SCPI)

commands to perform some orbit simulations. Each power supply controls a pair of coils

for each axis through a customized H-bridge. Since the power supply can only generate a

positive voltage bias, an H-bridge is required to switch the direction of the current, therefore

switching the magnetic field direction. The H-bridge is made with three mechanical relay

features a bi-stable coil, that a single pulse current can toggle the relay, and no power is

required to hold the relay state until the next switch. The schematic of the Helmholtz H-bridge

is shown in Fig. 3.43. This relay is controlled by another Arduino Uno, which is controlled
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by MATLAB. Therefore the magnetic field strength and direction can be fully controlled by

a single MATLAB code to simulate the orbital magnetic field environment and verify the

ADCS system.
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FIGURE 3.43. Schematic of the H-bridge used for Helmholtz Cage direction
control.

3.3.1.3 Calibration and verification

As an in-house designed and manufactured device, the Helmholtz cage must be carefully

calibrated before being used to test the EPM. Since only the center area is of interest, the

calibration was performed only in the middle plane of the Helmholtz cage. An acrylic plate

with mounting holes distributed as 9 × 9 matrix is made using a laser cutter and placed in

the median plane of the Helmholtz cage. The mounting hole matrix is separated by 30 mm

each and is used to position the magnetometer. The industry level 9 degree of freedom (DoF)

inertia measurement unit (IMU) (Model: ADIS16405) made by Analog Devices is utilized

to measure the three-axis magnetic field strength in the middle plane. The magnetometer is

placed in multiple locations according to the mounting holes to measure the field strength

at different locations. The measured three-axis magnetic field strength in the plane can be

plotted to ensure the desired uniformity and symmetry are met. Note that the acrylic plate

is placed on one coil pair with adjustable height capability. This ensures that the IMU is

located within the plane where the EPM will be put in for measurements and experiments.

The measurement configuration is shown in Fig. 3.44.
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FIGURE 3.44. Configuration of calibration device for the Helmholtz cage.

Before calibration, the IMU, especially the magnetometer, shall be calibrated to eliminate

soft and hard iron distortion. The magnetic field measurement result of a magnetometer on a

2-D plane without any distortion should produce the plot shown in Fig. 3.45a. However, the

results will differ in the presence of hard iron and soft iron distortion. The hard iron distortion

is generally caused by materials that can generate a constant and additive magnetic field so

that the measured Earth’s magnetic field on either axis equals the sum of true Earth’s magnetic

field plus the field produced by that material. This will result in a biased plot, as shown in

Fig. 3.45b. Soft iron distortion is generally caused by the soft magnetic material, which can

reinforce and concentrate the magnetic field in a certain direction, distorting the shape of the

magnetic field. The effect of the soft iron distortion is shown in Fig. 3.45c.

For 3-D, the above circular measurement result turns into a spherical plot. The result without

distortion will produce a sphere centered at zero. Similar to the 2-D case, the hard iron
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(A) 2-D Magnetic field measure-
ment without distortion.
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(B) 2-D Magnetic field measure-
ment with hard iron distortion.
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(C) 2-D Magnetic field measure-
ment with soft iron distortion.

FIGURE 3.45. 2-D magnetic field measurement results under different types
of distortion.

distortion will bias the center of the sphere, and soft iron will stretch the sphere into an

ellipsoid. The magnetometer is calibrated using the built-in hard and soft iron calibration

process and moved randomly inside the test area. The result is shown in Fig. 3.46. The figure

shows that the magnetometer is greatly calibrated since the data points on all three orthogonal

planes form three circles and the aforementioned distortion is not observed from the results,

which indicates that neither soft nor hard iron distortion exists in the Helmholtz test area.

The magnetometer is placed at the center point of the mounting hole matrix, and the cage is

tuned to zero the magnetometer’s three-axis readings. Then the magnetometer is placed at

each point of the matrix to record 1000 sets of the data. The average of this data will be used

to represent the three-axis magnetic field reading at the corresponding measurement point.

The magnitude of the magnetic field measured at each data point is then used to represent

the total magnetic field strength at that point. The measurement of the natural magnetic field

strength on the middle plane inside the Helmholtz cage is shown in Fig. 3.47 and the field



98 3 ELECTRO-PERMANANT MAGNETORQUER

FIGURE 3.46. Calibration results for different planes and overall sphere plot.

strength at the same plane after the cancellation of the Earth’s magnetic field is shown in Fig.

3.48.

From the figures, the Helmholtz cage can effectively neutralize the Earth’s magnetic field,

and the field inside the area of 100 × 100 mm at the center is exceptionally uniform. The

overall field decay at the edge of the 240× 240 mm area is only 6 µT.

After the uniformity verification, the performance and characteristics of the Helmholtz cage

shall be determined. According to equation (3.31), if the shape parameters are fixed, the

field at the center of the coil pair is a function of current I , which can be simplified into the

following equation:
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FIGURE 3.47. Natural magnetic field measurement in the middle plane of
the Helmholtz cage.

FIGURE 3.48. Magnetic field measurement in the middle plane after the
cancellation of the Earth’s magnetic field.

B(0) = ΦI (3.34)
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where Φ is the amplification coefficient determined by the size and separation between coils.

To measure the Φ for each axis, the magnetometer is positioned in the center of the cage using

the aforementioned acrylic measurement jig. Then the electric current for each axis is adjusted

in both incremental and decremental directions. At each supplied current, the magnetic field

strength measurement on three axes is recorded and plotted. Then the slope of the plotted

line is the desired amplification coefficient. This method can also examine the orthogonality

between the perpendicular coil pairs. If the two coils are not perpendicular, increasing one

axis’s current will induce a magnetic field in another axis. For the experiment, the current

for each axis is increased from −1500 mA to 1500 mA with a 100 mA step increment. The

result for each axis is plotted in Fig. 5.10.

From Fig. 3.49a, the Y axis magnetic field reading increases with the X axis current, indicating

that the X and Y axis coils are not well perpendicular to each other. This can be confirmed

from Fig. 3.49b that the X axis moves with Y axis current. However, Z-axis coils are well

orthogonal to X and Y, which can be seen in the figure. 3.49c, that increasing Z axis current

causes a negligible change in either X or Y axis magnetic field reading.

The slope of each axis is obtained from the curve fitting function, and the amplification

coefficient Φ with R2 for each axis is concluded in table 3.3. Note that the Φ is not equal for

the three axes. Since the coefficient Φ is a function of coil side length and separation, coils for

three axes differ in size to ensure the concentric installation. The Y coil pairs are the smallest

ones and are installed in the innermost layer, which results in the highest Φ, and Z coil pairs

are the largest in side length and are installed in the outer layer, which results in the smallest

Φ.

TABLE 3.3. Curve fitting results and fitted amplification coefficient Φ for
each axis.

Fitted equa-
tion:

f(x) = p1 ∗ x+ p2

Axis p1 p2 R2 Φ (Gauss/A)

X 0.5331 -0.01658 >0.9999 0.5331
Y 0.5509 0.471 >0.9999 0.5509
Z 0.443 -0.7702 >0.9999 0.443
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(A) 3-Axis magnetic flux density measurement with increasing X axis current.
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(B) 3-Axis magnetic flux density measurement with increasing Y axis current.
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(C) 3-Axis magnetic flux density measurement with increasing Z axis current.

FIGURE 3.49. 3-Axis magnetic flux density measurement with an increasing
current in different axis.

3.3.2 Air bearing table

When the satellite is in orbit, the total force acting on it reaches equilibrium, making it

"floating" in space. In this state, a small force can change the satellite’s attitude, following

Newton’s law of motion. However, due to the gravity, air drag, friction between materials,

and various source of disturbance, it is hard to simulate the orbital dynamical condition.

One common method is the aerodynamic bearing, also called air bearing. A customized air

bearing table (ABT) with an innovative center of mass adjustment technique is made to test

the performance of the EPM and to perform detumbing and pointing experiments. The details

of the ABT will be introduced in this section.
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3.3.2.1 Basic theory

The biggest problem of simulating the dynamic orbital environment is removing the friction

and providing as much degree of freedom as possible to the satellite. However, any solid

body requires support to stand on the floor to overcome gravity, which will introduce friction

between two solid objects. One method to reduce this contact friction is to lift the object with

air, similar to air hockey, to remove the direct contact between two solid objects. In this case,

the major source of the friction will become the viscosity of the air and aerodynamic drag

force, which is orders of magnitude smaller than the friction caused by the relative movement

between solid objects. The basic working principle is illustrated in Fig. 3.50.

Compressed air

Bearing stator

Bearing rotor

FIGURE 3.50. Working principle of the air bearing.

By using a carefully designed platform and mounting base, if the center of gravity is well

below the center of rotation, the system will be stable and can rotate freely along the axis

pointing in the same direction of gravity. If the center of mass is carefully adjusted to coincide

with the center of rotation, then the platform will reach a critical balance state, that the

platform can rotate freely on both axes. In this state, the system can simulate the orbital

dynamics in three-axis rotation to test the attitude determination and control system.
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3.3.2.2 Table design and development

Traditional ABTs are fixed and for testing ADCS only. Once the location is fixed and the

weight of the mass is added to the point that the center of gravity is close to the center of

rotation, the table is balanced and can rotate freely on three axes. This method is effective but

less efficient, requiring intensive human power. When the center of the mass is close enough

to the center of the rotation, the system is extremely sensitive, and a tiny mass movement will

cause a huge change to the equilibrium state. To overcome the difficulty of balancing the

ABT, a new mechanical structure is designed to make the balancing process easier and can be

done automatically. Since the center of rotation is fixed, instead of adding extra mass to adjust

the center of mass, a bi-directional linear stage is mounted on the air bearing, and the rest

of the table structure is installed on the stage. Therefore when the payload and peripherals

are installed, the linear stage can move the entire table to adjust the center of mass. The

linear stage is driven through two NEMA 8-size stepper motor, which has 1.8° step size (200

steps/revolution). Using the stepper motor with an M5 lead screw can achieve 4 µm linear

movement per step. Additional mass adjustment can be added if this stepping size is not

enough to achieve the desired balance. The table can also move on the vertical axis to achieve

3-axis mass balance. The vertical axis is driven by a stepper motor and four lead screws

synchronized by a timing belt. The compressed air is controlled by a small solenoid valve

controlled by an Arduino Uno, which is then controlled by the computer. The SolidWorks

model of the assembled ABT is shown in Fig. 3.51.

The auto-balancing process is achieved following these steps:

(1) Install the payload and peripherals, including wireless communication module,

battery pack, and other driver circuits; make sure that the center of gravity is within

the moving range of the linear stage;

(2) Fix the loose cables and connectors, ensure there is not any moving part that can

affect the center of mass;

(3) Lower the table vertically, adjust the linear stage to achieve horizontal balance;

(4) Open and close the solenoid to quickly detumble the table from oscillation;
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FIGURE 3.51. SolidWorks model of the designed ABT.

(5) Lift the table vertically, adjust the linear stage to achieve horizontal balance using

onboard IMU;

(6) Repeat process (4) and (5) until the platform achieves the desired balance.

An inertia measurement device consists of three orthogonally installed EC 45 flat motors

made by Maxon Motor with a known moment of inertia. After installing all the required

modules and achieving the desired balance state, the 3-axis balance can be calculated using

the conservation of angular momentum by turning on one motor at a time at a specified speed

and monitoring the rotational speed of the whole system. The angular speed of the ABT

is monitored using four motion tracking cameras made by OptiTrack. Only one horizontal

axis magnetorquer is tested and utilized for the rest of the experiments, and the ABT is only

balanced horizontally. 3-axis balance and control will be performed in the future project. The

horizontal balance of the table is achieved through a bullseye bubble level installed parallel

to the table surface. After installing all the required systems, the balance can be achieved

by adjusting the position of the counterweight until the bubble stabilizes at the center of the
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level. Although the level of balance cannot be quantified due to the lack of high accuracy

digital level, the error is within several degrees, which is considered negligible. In addition,

the parameter of interest in this thesis is the torque applied on the horizontal EPM, which is

in the direction along with the vertical axis. A slightly tilted table will reduce the measured

performance by the sine of the tilted angle. With small enough tilted angle, this performance

reduction is considered negligible. Fig. 3.52 shows the complete setup of the ABT inside

the Helmholtz cage with inertia measurement device, EPM, and reflect balls for OptiTrack

installed. Note that the cage height is adjusted using PVC pipes to ensure that the EPM

is positioned in the center of the cage, where the uniformity was measured and verified as

described in the previous section.

3.3.3 Magnetic dipole moment measurement

The measurement methodology of the dipole moment, which is the most essential character-

istic of the magnetorquer, will be introduced in this section.

Considering a mounted magnet that can rotate in a plane, the plane is filled with a uniform

magnetic field. If the magnetic field direction is aligned with the plane, the magnet will

try to align with the magnetic field according to its magnetization direction. Assuming the

mounting mechanism is a thin string, then the dynamical model of the rotating magnet inside

the uniform magnetic field can be expressed as:

I · θ̈ = τB + τt (3.35)

where the I is the moment of inertia of the magnet, θ is the angular displacement of the

magnet, τB is the torque generated by the reaction between the magnet and magnetic field, and

τt is the restoring torque from the string. The τt is neglected for the ABT as the disturbance

from a balanced air bearing is too small compared with the torque generated by a magnet.

For the measurement of the magnets with different sizes, as mentioned in section 3.2.3.2, the

magnets are tied using a thin fish line, and the τt is represented as the restoring torque from

the fish line. Considering the τt is orders of magnitude smaller than the τB (τt ≪ τB), the τt
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FIGURE 3.52. Complete setup of the ABT and EPM inside the Helmholtz
Cage with OptiTrack camera.

is neglected as well. According to eq. (1.1), the τB can be represented by the production of

dipole moment (m) and magnetic field flux density (B). For single axis rotation, the equation

(3.35) can be written as:

I · θ̈ = mB sin θ (3.36)
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Using small angle approximation, when θ < 15°, the sin θ can be replaced by θ with around

1.1% error ((sinπ/12− π/12)/ sin π/12 ≈ 1.1%). Then the above equation can be written

as:

θ̈ =
mB

I
θ (3.37)

which is a simple harmonic oscillator with oscillation frequency f described by the following

equation:

2πf =

√
mB

I
(3.38)

The magnetic flux density B in the above equation can be generated from the Helmholtz cage.

Assuming the Y axis of the Helmholtz cage is used to generate the external magnetic field,

then the B can be expressed as the equation mentioned in table 3.3. The above equation can

then be expressed as:

f 2 =
m

4π2I
· (0.5509i+ 0.471) (3.39)

where i is the Helmholtz cage Y axis driving current. Note that the equation (3.39) is a linear

equation that describes the relationship between frequency square and the current. Therefore,

by recording the oscillation frequency at different cage currents, the dipole moment can be

calculated from the fitted slope of the data points.

The moment of inertia of the platform is also required to calculate the dipole moment. For

the experiment configuration shown in Fig. 3.52, the inertia measurement device is used to

measure the system inertia as mentioned in the previous section. The moment of inertia of the

motor in the inertia measurement device is given in the manufacture data sheet: Iwheel = 135

gcm2. The motor-driver-embedded speed controller is used to set the spin speed accurately.

After balancing the table and letting the table stabilize when the air bearing is turned on, turn

on the motor and record the table’s counter rotational speed using the OptiTrack. The table’s
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moment of inertia can then be calculated through the conservation of angular momentum.

Only the horizontal EPM is tested using the ABT; therefore, only the angular momentum

along the vertical axis is measured in this thesis. The momentum measurement of the table is

summarized in table 3.4 below.

TABLE 3.4. Angular momentum measurement of the test platform along the
vertical axis.

Item Unit Value

Inertia of the wheel gcm2 135
Speed of the wheel rpm 2500
Speed of the wheel °/s 15000
Average speed of the table °/s 3.31
error (1σ) °/s 0.1086

Inertia of the table kgm2 0.061178248

For the dipole moment measurement of magnets with different radii and lengths mentioned in

the section 3.2.3.2, the moment of inertia can be calculated using the equation:

I =
1

4
MR2 +

1

12
ML2 (3.40)

where the R is the radius of the cylinder, M is the mass of the cylinder, and L is the length

of the cylinder. The mass is measured using an analytical laboratory scale with a resolution

of 100 µg. The mass and moment of inertia for the dipole moment measurement experiment

mentioned in section 3.2.3.2 is listed in table 3.5.

The frequency measurement method is different for the EPM and magnet measurements, as

mentioned in the section 3.2.3.2. For the measurement conducted on the ABT, the frequency

data is obtained through the angle data from the OptiTrack. Firstly the steady state angle is

obtained by turning on the EPM and air bearing and letting the system stabilize. Use the

stabilized angle as the reference angle, and turn the table around 15 ° away from the reference

angle to satisfy the small angle approximation. Once the table is detumbled, turn on the air

bearing, then the table will oscillate around the reference angle. Due to the air drag force and
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viscosity, the system forms a damped harmonic oscillator, and the system angle follows the

below equation [32]:

θ(t) = Ae−ηωt sin
√
1− η2ωt+ φ (3.41)

where the ω is the angular speed of the oscillation. Curve fitting the recorded angle history

from the OptiTrack to the above equation, and then the oscillation frequency can be calculated

from the fitted angular speed. The fitted frequency and dipole moment measurement using

the table inertia calculated in table 3.4 is shown in table 3.6 below.

For the frequency measurement of different magnet bars, as mentioned in section 3.2.3.2, the

bar magnet is hovered in the middle plane using a thin fish line. Since the OptiTrack system

requires the installation of several reflective balls on the object under test, which affects the

moment of inertia of the bar magnets, and it is not practical to install the balls on some bar

magnets with relatively small diameter and lengths, the OptiTrack method does not work.

TABLE 3.5. Mass and moment of inertia of two groups of magnet bars.

Diameter
(mm)

Mass (kg) error (1σ) Moment of iner-
tia (kgm2)

Group 1

4 0.0016689 2.91548E-07 5.1875E-08
5 0.00294415 6.8374E-07 1.02739E-07
6 0.004109475 8.29156E-08 1.46229E-07
7 0.005732225 2.38485E-07 2.08629E-07
8 0.007468675 1.08972E-07 2.78831E-07
10 0.011417225 8.29156E-08 4.51932E-07
14 0.0223933 1.67183E-06 1.02076E-06
15 0.02573845 1.72844E-06 1.2199E-06

Length
(mm)

Mass (g) error (1σ) Moment of iner-
tia (kgm2)

Group 2

10 0.0020544 3.24037E-07 2.17424E-08
12 0.002438925 5.11737E-07 3.47547E-08
15 0.003136225 8.1968E-07 6.58607E-08
20 0.004109475 8.29156E-08 1.46229E-07
25 0.00519945 2.06216E-06 2.82503E-07
60 0.013275 4.58765E-07 4.01237E-06
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TABLE 3.6. Fitted frequency for different magnetization directions, Helm-
holtz cage Y axis current, and the final calculated dipole moment.

Current (A) Frequency2 (Hz2)

South

0.5 1.3953E-05
1 2.84015E-05
1.5 4.18666E-05
2 5.45469E-05

Current (A) Frequency2 (Hz2)

North

0.5 1.53788E-05
1 3.02193E-05
1.5 4.34361E-05
2 5.78999E-05

Dipole
moment

1.287 Am2

The hall sensor is used instead to measure the oscillation frequency of the bar magnet. A

hall sensor is placed near the pole of the bar magnet. Once the magnet is oscillating, the

movement of the pole will cause a different induced hall voltage. Then the frequency can

be obtained by measuring the frequency of the change of hall voltage. The hall voltage is

powered and logged using the Compact DAQ (USB-6002) made by National Instruments,

and the frequency is calculated using MATLAB.

3.3.4 EPM for satellite detumble

After the satellites are released from the rockets or the deployment pods, the attitude and

dynamical status are not predictable. The satellite may spin fast in any direction due to the

mechanical disturbance during the deployment, and this amount of unwanted momentum

must be dissipated for a stable operation of the satellites. Since this initial angular moment

is obtained from another source and needs to be dissipated, the reaction/momentum wheels

cannot be used as they can only store a limited amount of momentum. Thrusters could be used

to detumble the satellites. However, due to the limited propellant capacity, thrusters are gener-

ally used for accurate attitude adjustment and orbital maneuvers. Therefore the detumbling of

the satellites is usually achieved through magnetorquers as they do not have a momentum
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budget and do not consume propellant. As a type of magnetorquer, the performance of the

EPM in detumbling the satellite is examined in this section.

3.3.4.1 B-dot controller

The famous B-dot control algorithm is used to test the detumbling performance of the EPM.

The B-dot algorithm was firstly proposed by Sticker, A.C., and Alfriend, K.T. in 1974 as

a simple but effective method to reduce the satellite’s angular speed to zero [126]. The

controller determines the control input by continuously measuring the Earth’s magnetic field

using the onboard magnetometer and calculating its time derivative, then multiplying by a

control gain K⃗:

M = −KḂ (3.42)

This algorithm is analog to the "D" control, which determines the required torque based on

the derivative of the satellite’s attitude measured solely from the magnetometer and calculates

the amount of dipole moment that the magnetorquer has to generate. The B-dot controller is

widely used in numerous small satellite missions [76, 44], and the optimization, improvement,

and other utilization have been well-studied [138, 60, 34]. There are two major types of B-dot

controllers: proportional B-dot controller and Bang-Bang B-dot controller. From the name,

the proportional B-dot controller determines the dipole moment of the magnetorquer base on

the size of the B-dot, as shown in the equation (3.42), and the Bang-Bang B-dot controller

simply generates the maximum dipole moment based on the sign of the B-dot:

M = −Mmax · sign(Ḃ) (3.43)

Since the Bang-Bang controller always uses the maximum dipole moment, it can effectively

reduce the high angular speed in the shortest time compared with other B-dot variants.

However, for conventional magnetorquers, generating maximum dipole moment will consume

tremendous power and stress the thermal management system due to the continuous power
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consumption. In addition, the Bang-Bang controller will induce an oscillation when the

angular speed is approaching zero due to high control input, which is not optimal in terms of

time and power. Therefore most of the effort to optimize the B-dot controller is contributed

to finding the optimal gain K or calculating a more complex gain, including other factors.

However, for the EPM developed in this thesis, the torque rod can hold the magnetization

without consuming power, and the energy is consumed only when changing the state of

the magnetorquer. When the torque rod is being magnetized, the system can be put into

sleep mode, and the torque rod can continuously interact with Earth’s magnetic field to

generate torque force. Since there is no power consumption, the torque rod will not stress

the thermal management system. When the direction or the strength of the magnetization

shall be changed, the OBC could send a command to wake the EPM up and quickly run

the pre-defined program, and the system can be put in sleep mode again. All these features

make the Bang-Bang controller the most suitable for the EPM for detumbling the satellites,

as the continuous change of the control input will make the EPM frequently consume power

to change the dipole moment of the torque rod. Simply magnetizing the torque rod to its

maximum depending on the sign of the B-dot can make the satellite detumble quickly and

consume less power.

However, there are some issues with utilizing the Bang-Bang B-dot controller for the EPM.

The first issue is the biased magnetic field measurement for the onboard magnetometer. For

the conventional magnetorquer, the ambient magnetic field measurement can be performed

after shutting off the magnetorquer. However, for the EPM, the torque rod will maintain the

magnetization after being magnetized, and turning off the torque rod will consume power.

Furthermore, the torque rod can be treated as a permanent magnet after being magnetized,

generating magnetic field orders of magnitude higher than the Earth’s magnetic field. This

field will heavily affect the magnetometer’s measurement and might cause the controller

to generate incorrect control output. This problem could be solved by separating the EPM

from the magnetometer to reduce the effect of the field generated by the torque rod. Another

method is to treat the torque rod as a source of hard iron distortion, as introduced in section

3.3.1.3, and calibrate the magnetometer in the presence of the torque rod. After the installation

of the satellite, the relative position between the torque rod and magnetometer is fixed, and
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the bias caused by the torque rod can be easily measured and compensated. An example of

the calibration of the magnetometer in the presence of the hard magnetic material has been

done by Frey, J. in 2014 [41]. Another issue of using the Bang-Bang B-dot controller is the

zero point oscillation problem, as pointed out in [44]. Since the control output has only three

states, the satellite will oscillate when it approaches the final value, and it takes a long time

to stabilize. To solve this problem, a dedicated controller shall be designed for the EPM

considering its unique feature. The optimization of this controller could also be investigated

in future research.

3.3.4.2 Setup

The detumbling experiment was conducted using the experimental setup shown in Fig. 3.52.

The table is balanced in the horizontal direction to test one torque rod of the EPM in roll

motion. The measured angle from the OptiTrack was used to determine the angular speed

and the relative direction between the torque rod and the applied magnetic field. The Y-axis

coil of the Helmholtz cage was used to provide the required external magnetic field. After

neutralizing the magnetic field in the center area of the cage, 1000 mA current increment was

supplied in Y axis, generating a magnetic field with magnetic flux density of 551.371 mGauss

(≈ 55.514 µT), which is close to the Earth’s magnetic field strength in Sydney (∼ 57.064 µT)

as mentioned in section 3.3.1.2. The measured angle data from the OptiTrack was transmitted

to the computer and handled by MATLAB. The computer was used as the main controller,

and the command was made by MATLAB and sent to the EPM through Bluetooth. The

EPM was controlled by an Arduino Uno, mounted on the ABT, and powered by a Li-ion

battery pack. The EPM main charging power was supplied by another Li-ion battery pack

consisting of three 1-cell Li-ion batteries, which provides 12.6 V when fully charged. For

the detumbling test experiment, the EPM responded to three main commands: Magnetize the

torque rod in direction one, magnetize the torque rod in direction two, and demagnetize the

magnet. The magnetizing command consists of four pulses with capacitor voltage of 400 V,

and the demagnetize profile two, as shown in Fig. 3.34 was used to demagnetize the torque

rod. The MATLAB code used for the detumbling experiment is attached in Appendix A.
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3.3.4.3 Result

The experiment was conducted through the following procedure. Firstly, the ABT was

balanced in the horizontal plane and detumbled through rapidly turning on and off the

compressed air control valve to the air bearing. Then the Helmholtz cage was tuned according

to the description introduced in the previous section. Then the MATLAB code was executed

to obtain the continuously measured angle data from the OptiTrack and decide if the EPM

shall be turned on and which direction of magnetization the EPM needs to achieve. The angle

history and other system status parameters were recorded upon the execution of the code.

Then an initial angular velocity was applied to the ABT by manually pushing the ABT in a

random direction. The ABT shall start to spin in response to the manual stimulation, and the

EPM shall start to operate to stop the spin.
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FIGURE 3.53. Detumble test result of the ABT with negative initial velocity.

Fig 3.53 shows one of the detumbling test results with a negative initial speed. The top part of

the figure shows the ABT’s Yaw angle and the corresponding EPM torque rod magnetization

status. For easier interpretation, the direction of the magnetization is indicated using 1, -1,
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and 0. ±1 indicates the different direction of the magnetization, and 0 means the torque

rod is demagnetized. The red cross indicates a command is sent to the EPM to change the

magnetization. The bottom part of the figure shows the calculated angular speed and the

filtered value. From the figure, the EPM can reduce the angular speed of the ABT from around

−30 °/s to almost stopped within around 800 s. The total amount of power dissipated can be

calculated by counting the command sent to the EPM. Each charging command consists of

four pulses at 400 V capacitor voltage. The capacitance of the capacitor array was measured

to be 9.34 µF. The energy consumption per command can be calculated as:

W =
1

2
CV 2

= 0.5× 9.34× 10−6 × 4002

= 0.747J

(3.44)

Neglecting the adjustment at the end of the detumbling process shown in Fig. 3.53, a total

amount of 111 charging commands has been sent to the EPM, which result in around 82.92 J

total power consumption. As a comparison, it took around 6000 s to detumble a 3U CubeSat

(HuskySat-1) from initial angular speed of 11.5 °/s with a total of 1200 J energy consumed

per torquer axis assuming a 200 mW power consumption per torquer [76]. Considering that

the customized magnetorquer used for the HuskySat-1 can generate a dipole moment of 0.15

Am2 with 0.2 W power, which is close to some of the COTS products, this data can be used

as a benchmark for a general detumbling performance reference. If the initial angular speed

for the HuskySat-1 increases to the same level as the experiment results shown in Fig. 3.53,

the magnetorquer on the HuskySat-1 would consume more than doubled the energy to fully

detumble the satellite.

The energy consumed for the detumble experiment is still not optimal. From the top part of

Fig. 3.53, there are two more commands were sent to the EPM due to the wrong angular

speed calculation when the angle jumps from −180 ° to 180 °. If the program is well tuned to
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calculate a correct angular speed at the transition point, the total amount of power could be

further reduced by around a half.

3.3.5 EPM for single axis control

After the satellites have been detumbled, the attitude shall be adjusted to allow the payloads to

operate appropriately and complete their missions. Conventional magnetorquers can perform

the attitude adjustment, especially the pointing maneuver for a specific mission requirement.

However, due to the weak torque force and short orbit time, conventional magnetorquers

cannot be used solely for the pointing mission. Generally, it is used as a minor actuator to aid

the main actuators, e.g., reaction wheel and thrusters, to achieve the desired pointing angle.

For the EPM, however, since the torque force is significantly larger than the conventional

magnetorquer and the time for changing the status of the torque rod is relatively short, the

control performance for using only the EPM could be improved compared with conventional

models. For some missions that do not require extremely high accuracy, the EPM could be

used solely without needing propellant and reaction wheels to save power and propellant.

Therefore a simple controller is designed for the EPM to briefly demonstrate the controllability

and control accuracy of using the EPM solely as the control actuator.

3.3.5.1 Equation of motion

As a brief demonstration, only 2D planar rotation will be considered and examined in this

thesis. Full 3D control experiments with advanced control algorithms will be performed in

future works. The basic working principle of the magnetorquer can be simplified as a magnet

inside a uniform ambient magnetic field with field flux density B, as shown in Fig. 3.54.

Suppose the magnet’s magnetization direction is misaligned with the ambient field. In that

case, a torque force will be generated, whose direction and magnitude relate to the angular

displacement θ with respect to the ambient magnetic field direction. The system model can

be simplified to:
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FIGURE 3.54. Torque generated by a magnet inside a uniform ambient
magnetic field with flux density B.

Jθ̈ = τ + d (3.45)

where J is the moment of inertia of the magnet, τ is the induced torque force, and d denotes

the disturbance. The damping effect is neglected due to the minimal damping coefficient by

using the air bearing. The torque force τ can then be expressed as the cross production of the

magnet’s dipole moment and ambient field strength B:

τ = M ×B = MB cos θ (3.46)

Note that the vector sign of the ambient field B is omitted since the system is limited to a 2D

plane.

3.3.5.2 Controller design

A single axis sliding mode controller has been designed to perform the single axis control

experiment. The detailed development and validation process of the controller are attached in

Appendix B.
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3.3.5.3 Experiment setup

The hardware configuration for the single-axis pointing experiment is the same as the single-

axis detumbling experiment. The only difference is that for the detumbling test, the ABT was

applied with an initial angular speed, and the program can perform the detumbling regardless

of the angular position of the ABT. However, for the pointing experiment, since there is only

one torque rod being used for the experiment, and the magnitude of the torque is related to

the angular displacement with respect to the ambient magnetic field, which in the experiment

is applied by the Helmholtz cage, there is a specific range where the ABT can be controlled.

If the ABT is in an initial attitude where the torque rod’s magnetization direction is aligned

with the applied field direction, the torque rod cannot generate any torque force. Therefore

the torque rod is set in an initial attitude where the torque rod’s magnetization direction is

perpendicular to the applied field direction, hence generating maximum torque force. The

target angle is set to be within 60 ° of the initial angle for the controller to operate correctly.

In the future study, the single axis single torque rod pointing control could be expanded to

the entire three axes three torque rod control with a properly designed and optimized control

algorithm. The MATLAB code for the control algorithm used in the single-axis single torque

rod control can be found in Appendix C.

3.3.5.4 Result

With the control algorithm developed in the previous sections, the single axis pointing control

experiments were conducted. The ABT angle was monitored by the OptiTrack same as the

detumbling experiment. The ABT was stabilized at the initial angular position while the

Helmholtz cage was turned on. Then the pointing control program was executed with a

defined target angle. The angular position history for a 60 ° turning step input from around 40

° to 100 ° is shown in Fig. 3.55 and the corresponding ABT angular speed, the command sent

to EPM, and error are shown in Fig. 3.56.

From Fig. 3.55, the system angle in steady state is zoomed in as shown in the right part of

the figure. After the system angle approaches the desired target angle, the system enters the
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input.
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FIGURE 3.56. System angular speed (top figure), EPM command (middle
figure), and control error (bottom figure) for the 60 ° turning control input.

steady state region, and the final angle can be within ±0.4 ° of the desired target angle. The

angle history for multi-target control input is shown in Fig. 3.57.
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3.3.5.5 Discussion

A single-axis single torque rod pointing control experiment was performed using a sliding

control algorithm. The controller can achieve the target angle and maintain a ±0.4 ° error

discrepancy within a specific initial and target angle region. However, from Fig. 3.56, the

controller is not optimal in system efficiency. It can be seen that after the first EPM command,

the ABT starts to accelerate due to the torque force generated from the torque rod. After

reaching a certain angular speed, the ė reaches the designated sliding manifold, and the

controller sends multiple commands to change the magnetization state of the EPM to maintain

the ė and e following the sliding manifold. Although the system operated well following the

designed controller, the overall efficiency is not optimal. Due to the nature of the EPM, the

system consumes energy only when the magnetization of the torque rod needs to be changed

and does not consume energy when maintaining the previous magnetization state. Hence, for

the controller used for the pointing control, considerable energy was spent on maintaining the

speed following the sliding manifold, which delays the settling time and makes the overall
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control efficiency low. The same actions occurred when the error was approaching zero, and

multiple control commands were sent to EPM to ensure the ė and e followed the sliding

manifold, which wasted numerous of energy and reduced the overall efficiency. For the final

pointing accuracy, the ±0.4 ° error discrepancy is significantly better than the conventional

magnetorquers (∼ 5 °). However, a new control algorithm could be developed to further

decrease the error discrepancy. Note that the EPM worked in Bang-Bang mode for the

pointing experiment, which means the torque rod was always charged to its maximum to

generate torque force. Although this method can provide maximum possible control input, the

consumed energy is significantly higher than those using lower capacitor voltage. In addition,

the large torque input will make the system hard to achieve high pointing accuracy in a steady

state. Therefore a dedicated control algorithm for optimizing the magnetization of the torque

rod could also be developed and examined in the future study.

Despite the sub-optimal control performance and low energy efficiency of the pointing control

algorithm, the experiment successfully demonstrated that the EPM could be used for pointing

control. Further study could focus on optimizing the control algorithm to reduce the amount

of command sent to EPM to achieve higher energy efficiency. Another controller could also

be developed to control the magnetization of the torque rod depending on the required control

input to further save energy. Three-dimensional control algorithms and experiments shall also

be performed in future studies to demonstrate the capability of fully controlling the satellite.

3.3.6 Conclusion

In this section, the performance of the EPM in terms of satellite detumbling and single-

axis single torque rod pointing control is experimentally investigated. The experiments

were conducted using an in-house designed and manufactured Helmholtz cage and a self-

designed air-bearing table with an innovative center of mass adjustment technique for fast

and automated table balancing. The Helmholtz cage was designed following the well-known

cage equations, and the cage-generated magnetic field uniformity and orthogonality are

experimentally validated and calibrated using an industrial magnetometer. The technique to

measure the torque rod’s dipole moment has been introduced utilizing small angle oscillation
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with an external artificial magnetic field generated by the Helmholtz cage. A single-axis

detumbling experiment was conducted using the well-known B-dot control law, and the

detumbling performance was examined experimentally. With only one torque rod, the EPM

can reduce the angular speed of the ABT that has a moment of inertia of ∼ 0.06118 kgm2

along the rotational angle from around 27 °/s to nearly zero within 800 s with a total of

82.92 J energy consumption. A comparison was made with the HuskySat-1 developed by the

University of Washington, who requires around 1200 J to detumble the satellite from around

11.5 °/s to zero in around 6000 s [76]. A single axis sliding-mode control algorithm has been

developed with proven control stability to perform the pointing control using only one torque

rod. The experimental results show a ±0.4 ° pointing error discrepancy within a defined

angular position range. Although the control accuracy and efficiency are sub-optimal, it

proved that the EPM could be used for satellite attitude control with higher pointing accuracy

than conventional magnetorquer. Future study directions were advised to focus on optimizing

the power efficiency and developing the controller to control the magnetization of the torque

rod to achieve higher pointing accuracy.



CHAPTER 4

Micro Air-fed Magnetoplasmadynamic Thruster

This chapter will introduce the details of the micro air-fed magnetoplasmadynamic thruster.

Firstly the design of the thruster nozzle will be described. Then the methods to calculate the

performance parameters are introduced, including determining mass bit, pulse energy, and

impulse measurement. Since the thruster stand is in-house designed and made, the calibration

procedure of the thruster stand shall be introduced and explained thirdly. Then experiment

environment and the required equipment will be described. The results of the calibration and

thruster test will be demonstrated, followed by the discussion of the experimental results,

including performance parameters and efficiency calculation, performance comparison, and

analysis of other findings during the experiment. Lastly, the critical performance data of the

µAF-MPDT will be concluded, with the possible future study direction pointed out.

4.1 Methodologies

4.1.1 Thruster design

As shown in Fig. 2.18, general MPDT has an arc discharge chamber where the propellant

is fed through the rear insulator wall. The µAF-MPDT, as shown in Fig. 4.1, has a similar

structure to the conventional MPDT except for a reduced overall size and shallower arc

chamber and converging anode nozzle. Since the propellant flow rate is also reduced after

miniaturization, the chamber has to be shrunk to maintain the propellant density. The cathode

tip and anode nozzle edge are sharpened to constrain the plasma and generate a higher plasma

current density, which increases the thrust and efficiency. This structure also prevents the
124
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FIGURE 4.1. Cross-sectional view of the proposed µAF-MPDT.

insulator from directly contacting the hot plasma, which could erode the brittle insulator and

sometimes crack it due to thermal expansion [101].

Copper is selected as the anode material due to its low electrical resistance, and tungsten is

selected as the cathode material due to its high melting temperature. This could prevent the

cathode erosion at the arcing spot, in this design the cathode tip from the thermal load at high

discharge current. The anode outer diameter is 8.9 mm and the cathode is 2.34 mm. Teflon is

selected as the insulator material based on its flexibility and good electrical properties, which

can hold the cathode and anode in place and eliminate electric breakdown between electrodes

under high voltages. There are grooves on the inner wall of the insulator for the propellant to

flow. This structure prevents the propellant from contacting the two electrodes before entering

the discharge chamber, which could result in unwanted arc discharge. The photo of thruster

built and used in this paper is shown in Fig. 4.2.

4.1.2 Performance calculation

The pulse-mode thrusters are generally described by 3 major characteristics: specific impulse

(Isp), thrust to power ratio (T/P ) and overall efficiency (η) [143]. The specific impulse is

a general performance character for thrusters to describe how efficiently the thruster uses

propellant. For classical thrusters, this parameter is calculated by dividing the average thrust
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FIGURE 4.2. Photo of µAF-MPDT with power cable and propellant feed pipe
connected.

force F by the production of propellant mass flow rate ṁ and standard gravity g. For pulse-

mode thrusters, however, it is calculated as the ratio between impulse bit and the weight of

the propellant usage for one pulse on earth:

Isp =
F

ṁg
=

Ibit
mbitg

(4.1)

where g is the standard gravity, the impulse bit Ibit is the total impulse generated in one pulse

which will be described in section 2.2.3 and mass bit mbit is the mass of propellant used in

one pulse, which will be described in the next section.

The thrust to power ratio for pulsed thrusters is calculated similar to normal thrusters by

replacing the thrust (T ) and power (P ) by impulse bit (Ibit) and energy used per pulse (E):

T

P
=

Ibit
E

=
Ibit

1
2
CV 2

(4.2)

where the energy per pulse E is calculated as the energy stored in capacitor and C is capacit-

ance of the capacitor and V is the initial voltage applied on the capacitor.
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The efficiency of the pulse-mode thruster is defined here as the ratio of kinetic energy output

(Ekinetic) to the total input energy (Eelectric):

η =
Ekinetic

Eelectric

=
1
2
mbitν̄e

2

1
2
CV 2

=
I2bit

mbitCV 2
(4.3)

where the v̄e is the average plasma exhaust velocity defined as v̄e = Ibit/mbit. Therefore there

are 4 parameters that are required to be measured to determine all performance characteristics

for µAF-MPDT: "impulse bit, mass bit and energy". Detailed methods and techniques of

obtaining these parameters will be discussed in the following sections. All data presented in

this thesis is the average value of at least 10 measurements under the same condition. The

schematic of the experiment layout is shown in Fig. 4.3.

FIGURE 4.3. Layout of the experimental devices.

4.1.2.1 Mass bit determination

The propellant used for this thruster experiment is chosen to be air, which is stored in

a commercially available 16g CO2 cartridge at 1 atmospheric pressure. The cartridge is

connected to a solenoid valve (model: SMC S070C-6AG-32) controlled by an onboard mini-

Arduino Leonardo and a transistor, and the valve is connected to the thruster head through

a 5 cm silicon tube. The mass bit is controlled by changing time interval between power

on and off signals from the Arduino controller. According to the data sheet provided by the

manufacturer of the valve, the response time for this valve to be fully opened after power on

is 5 ms and 3 ms to be fully closed after power off, which indicates an 8 ms on-off cycle time.
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However, during experiment, it is found that there is too much propellant be released if the

time interval is set to 8 ms, making a tremendous waste of propellant. Moreover, during the

experiment, it is found that the shortest time interval setup for a successful hot pulse is tested

to be 5 ms. Any time interval setup shorter than 5 ms results in null response from LVDT in

Cold Gas test and unsuccessful ignition in Hot Pulse test. Therefore the interval is set to 5 ms

to let the valve partially open and close to reduce the waste and hence increase the propellant

utilization efficiency. The actual time interval is measured to be ranging from 4.8 to 6.2 ms

using the oscilloscope due to the Arduino internal timing error. Nonetheless, the mass bit

tested is excessively higher than normal PPT’s working range, making an enormous waste of

propellant and thus results in a tremendously low propellant utilization efficiency.

As emphasized and experimentally proven by Lim J.W.M. et al., a small deviation in pro-

pellant mass flow rate will lead to large errors when conduct micro-thruster performance

characteristics tests [83]. Thus to precisely evaluate the mass bit, the propellant flow path

between the Teflon insulator and tungsten cathode shown in Fig. 4.1 is treated as an orifice

plate. Since the air flow rate through an orifice is proportional to the pressure difference

between the upstream and downstream of the orifice, the mass flow rate can then be calculated

with known parameters. The propellant flow path consists of four individual grooves carved

on the inner surface of the Teflon insulator with total cross-sectional area of 0.188 mm2. Since

the propellant cartridge is recharged to room pressure before each test, it is safe to assume the

maximum possible pressure upstream the flow path is 1 atmospheric pressure (14.7 psi) once

the flow reaches steady state. Therefore the maximum allowable mass flow rate is calculated

to be 37.76 mg/s, which is reasonable comparing with 9.78 mg/s under 46.67 kPa pressure

difference through an orifice with 0.102 mm2 area in [143].

Since the pulse is ignited by the contact between propellant and electrode, it is safe to assume

that the discharge is initiated once the propellant reaches the discharge chamber. The details

of ignition process will be discussed in the next section. Therefore the maximum allowable

mass bit can be calculated as the total mass flow during the discharge time based on the

assumption that the propellant fed during this time interval is fully ionized and accelerated.
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Since the average discharge time is measured to be 40.2 µs, the actual mass bit is calculated

to be:

mbit < mmax = 37.76mg/s× 40.2 µs = 1.518 µg (4.4)

The average discharge time will be discussed in the next section.

4.1.2.2 Pulse energy determination

The pulse energy is stored in a capacitor bank which consists of two high-voltage power AC

film capacitors connected in parallel and a high-voltage boost converter that can boost 5-V

DC voltage to over 2000-V DC voltage is used to charge the capacitor bank. The capacitor

bank is measured by the multimeter before and after each pulse experiment to ensure the

capacitance remains constant. The boost converter is powered by the National Instrument

Virtual Bench, which has two tunable DC power supply channels at +6V/3A and ±25V/1A.

The anode and cathode are connected directly to the capacitor bank and charged to desired

voltage prior to each pulse. Taking advantage of low breakdown voltage of gaseous propellant,

ignition is triggered by directly feeding propellant into discharge chamber. Ionization happens

once the propellant reaches the electrodes, and then discharge begins. This ignition technique

eliminates the use of spark plugs which is essential in solid state PPTs, and consequently

simplifying the structure of the system.

The pulse energy can be calculated by measuring the charged voltage and capacitance of

the capacitor bank and the average input power can be determined by monitoring the power

input to the boost converter. The charging voltage is monitored by an onboard 1000:1 voltage

divider. The voltage signal is fed back to the onboard Arduino and is precisely controlled

at the same level for each pulse. The discharge current is measured through a shunt resistor

connected in series with the discharge circuit using the oscilloscope function in Virtual Bench.

Discharge is considered to start when the current signal starts to rises and considered as the

end when the current reading returns steady zero. Average discharge time is hence measured
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FIGURE 4.4. Schematic of the thruster stand.

through the time interval between start and stop of the current pulse. Results of the average

discharge time measurement is show in section 3.2.

4.1.2.3 Impulse measurement

The impulse bit is measured by monitoring the position of the thruster mounted on a house-

made torsional-pendulum-type thruster stand, which can rotate along the Z-axis pointing

upwards through the torsional bearing. Figure 4.4 shows the schematic of the thruster stand.

Copper wire is selected to serve as torsional bearing as the angular displacement for copper

is purely elastic with a known shear modulus within a small angular deformation, which is

suitable for this design. The elasticity of the copper wire in this experiment is periodically

checked.

From the figure, the pendulum arm is suspended by two 1.12-mm diameter copper wires

under tension to eliminate small balance weight errors. As the arm and copper wire form a

harmonic oscillator and takes hours to become static after excitation in vacuum due to the

significantly reduced atmospheric resistance, an eddy current magnetic passive damper is used

to shorten the settling time. The Omega LDI-619-6.4-A010S linear variable displacement

transducer (LVDT) is mounted on the long side of the arm at the same position of the thruster

to translate its position signal into electric signal, which is then recorded by the computer

through an ADS1115 16-bit analog-to-digital (ADC) converter placed outside the chamber.
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The position history of the thruster allows the impulse bit to be calculated from the dynamics

of the calibrated torsional-pendulum.

The dynamic model for this type of torsional pendulum thruster stand has been widely

discussed [66, 28, 116, 74, 48, 139]. The general dynamic equation describing the force

produced by the thruster f(t), the distance of the thruster from the rotational axis lthruster,

and the pendulum arm deflection angle θ is:

θ̈ + 2ζωnθ̇ + ω2
nθ =

f(t)lthruster
Iθ

(4.5)

where Iθ is the moment of inertia of the pendulum arm to the rotational axis, ζ is the damping

coefficient, and ωn is the natural frequency of the pendulum arm.

Ziemer [144] concluded that by assuming ω, ζ , and Iθ are constant, the impulse bit Ibit can be

calculated when the initial angular velocity is known using the equation:

Ibit =
θ̇(0)Iθ
lthruster

(4.6)

The thrust force T can be calculated when the final angular deformation θ(∞) and torsional

spring constant kθ are known using the equation:

T =
θ(∞)kθ
lthruster

(4.7)

where θ̇(0) and the final angle θ(∞) can be replaced by ẋ(0) and xfinal, which are the

initial linear speed and the final position of a point on the pendulum arm, respectively. In

this experiment, the LVDT has a distance of lpm to the rotational axis for small angular

deformations. Then, Ibit and T become:

Ibit =
ẋ(0)Iθ

lthrusterlpm
(4.8)
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and

T =
xfinalkθ

lthrusterlpm
(4.9)

It is known that for a torsional pendulum, the relationship between the natural frequency, the

spring constant, and the moment of inertia is:

ωn =

√
kθ
Iθ

(4.10)

In the experiment, the LVDT is placed at the same position as the thruster (lpm = lthruster), by

defining the effective mass meff as

meff =
Iθ

l2thruster
(4.11)

Equations (5) and (6) can be written as:

Ibit = ẋ(0)meff (4.12)

and

T = xfinalmeffω
2
n (4.13)

Therefore, the impulse bit is the product of the initial linear speed of the thruster after one

pulse and the effective mass. The initial linear speed can be obtained by numerically taking

derivative of the position history of the thruster and the effective mass should be determined

during the calibration procedure.
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4.1.3 Calibration

4.1.3.1 Thruster stand calibration

From the previous section, the effective mass should be determined and calibrated to calculate

the impulse bit. From Eq. 4.13, the effective mass meff can be calculated by applying a

known constant force T to the pendulum arm and measuring the final distance of the thruster

using LVDT. Natural frequency ωn can be obtained from the sinusoidal wave of the LVDT

when excited. Furthermore, since the electromagnetic force is not applied at the same position

of the thruster, it should be converted to the equivalent force applied at the thruster using the

conservation of momentum.

As described by Ziemer [144], the thruster measurement accuracy is strongly dependent on

the position measurement along the arm axis. The most accurate way to measure the impulse

bit of the thruster is to deliver a known impulse to the point at the same position as the thruster

and use the response to calculate the thruster impulse bit. As there is a lack of equipment to

generate a known impulse, the accuracy of this approach is dominated by the accuracy from

the meff calculation, which is highly dependent on the position measurement. The pendulum

arm is made using a laser cutter, and the actual distance is measured with a digital vernier

caliper at an accuracy of 0.01 mm.

4.1.3.2 Solenoid calibration

As mentioned before, the calibration requires a known constant force T. A solenoid-magnet

pair is chosen to generate the constant force. The force generated by the solenoid to the

coaxial-placed permanent magnet is difficult to calculate. Thus it is easier, more reliable, and

more direct to calibrate the solenoid using a high precision scale.

The calibration procedure is listed below:

(1) Place the rounded permanent magnet on the weighing pan of the aforementioned

high-precision analytical balance scale;



134 4 MICRO AIR-FED MAGNETOPLASMADYNAMIC THRUSTER

(2) Place the solenoid above the magnet coaxially using 3D-printed structure with

adjustable height;

(3) Control the gap between the solenoid and permanent magnet using spacers with

known thicknesses (1 to 5 mm);

(4) Set the solenoid 1 mm above the magnet and set the driving current to 10 mA;

(5) Turn power on and record the scale reading when stablized;

(6) Repeat step 5 for 10 time to reduce error;

(7) Increase the driving current to 20 mA and repeat the step 5 and 6 until driving current

reaches 100 mA;

(8) Set the solenoid 1.5 mm above the magnet and set the driving current to 10 mA;

(9) Repeat step 5 to 8 until the gap size reaches 5 mm.

After calibration, the relationship between the force, current and gap size can be obtained by

curve fitting the recorded data. Therefore by supplying a known current to the solenoid, the

applied force T can be obtained by measuring the gap size using LVDT. Note that since the

initial gap size cannot be zero, it should be measured before the calibration.

4.1.4 Experiment environment

During the experiment, the stainless steel vacuum chamber that has the inner volume of

0.12175 m3 is evacuated to 2.4× 10−2 Pa using a PFEIFFER HiCube 300 Classic vacuum

pump. Although this pressure can only represent the pressure at around 70− 90 km altitude

and is orders of magnitude higher than those in higher altitudes, the effect on the thruster

measurement results from the insufficient pressure is considered negligible. The mean free

path of the air molecules at the target pressure is around 28 cm, where the atmospheric drag

force acting on the pendulum is considered as orders of magnitude smaller than other sources

of friction and can be neglected. Due to the small size of the chamber, each pulse results

in a 1 − 3 × 10−2 Pa pressure increase. Thus a small period of time delay is applied to

allow the chamber pressure to reduce back to 2.4× 10−2Pa. Since the pressure is kept below

5.4× 10−2 Pa during the whole measurement procedure, the influence to the measurement

results due to the pressure rise is considered negligible.
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The power and data wires connecting the on-arm Arduino are selected to have a 0.1-mm

diameter to reduce the interference from the cable stiffness. The wires are also mounted

as close to the center of rotation of the arm as possible and connected using a "waterfall”

structure to further reduce the interference.

The integrated device, including the thruster, thruster stand and all related components, is

shown in Fig. 4.5

FIGURE 4.5. Thruster testing device in a vacuum chamber.

4.2 Results

4.2.1 Calibration results

Figure 4.6 summarizes the calibrated relationship between the current and force and between

the measured gap size and force. It is noted that the standard deviation for each data point is

on the order of 10−5, which is too small to plot and demonstrates the small repeatable error.

From the figure, it is seen that the electromagnetic force increases linearly with current at a

fixed gap size and decrease with increasing gap size following the inverse-square law.

The mathematical model describing the force and gap size is obtained using the quadratic

curve fitting method:
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Y = AX2 +BX + C (4.14)

where Y is the force in mN and X is the gap size in mm, which is then used to calculate the

electromagnet force. Noted that R2 for linear regression models as estimated from Fig. 4.6a is

checked with R2 > 0.99999, which demonstrates the accuracy of the estimated model. Table

4.1 summarizes the coefficients of the quadratic curve fitting function for different current

values.
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FIGURE 4.6. Relationship between force, current and gap size (error bar too
short for plot). (a) Force with increasing current. (b) Force with increasing
gap size

TABLE 4.1. Mathematical model for the quadratic curve fitting

Current (mA) A B C
10 0.038677625 -0.518682985 2.330585372
20 0.078791500 -1.050526477 4.701607742
30 0.117052859 -1.556966111 6.984840583
40 0.156558905 -2.082948304 9.346566682
50 0.194591133 -2.591518684 11.63707965
60 0.233493589 -3.113512180 13.99211448

After calibrating the solenoid, it is mounted on the measurement arm at a distance of 185 mm

to the center of rotation of the arm. It is noted that the permanent magnet is mounted on the

arm and the solenoid is fixed on the base plate with an initial gap size measured at 4.08 mm.
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The averaged position measurement values as described in section 2.2.3 are summarized in

Table 4.2. Table 4.3 summarizes the calibrated parameters described in section 2.3.1 and 2.3.2

that will be used to calculate the impulse bit.

TABLE 4.2. Position measurement results

Item Position (mm) Designed Position (mm) Error
LVDT 250.06 250 0.024%
Solenoid 184.70 185 0.16%
Thruster 250.06 250 0.024%

Table 4.4 summarizes the pulse energy and mass bit calculation results mentioned in section

2.2.1 and 2.2.2.

Fig. 4.7 shows the pendulum arm reaction to the current sweep from 10 to 60 mA, which

indicates a small repeatability error and the copper wire does not exceed the elasticity range

under a 60 mA driving current, which shows that the torsional spring assumption is satisfied.

4.2.2 Thruster test results

The experiments were conducted using two configurations: thruster fired with an average of

5.5 ms pulse interval without high voltage, which can be treated as "Cold Gas" thrust test and

the one with same pulse time interval with high voltage applied, which will be named "Hot

Pulse" in the rest part of this paper. Figure 4.8 demonstrates the thruster and plasma plume

TABLE 4.3. Torsional pendulum calibration results

Item Value Error
Initial Gap Size (mm) 4.080 0.4%
Natural Frequency (rad/s) 4.243 1.48%
meff (kg) 0.183 2.36%

TABLE 4.4. Electrical parameters measurement results

Item Value Error
Total Capacitance (µF ) 2.085 3%
Charge Voltage (V) 2002 0.12%
Average Input Power (W) 1.857 3.66%
Mass bit (µg) < 1.518 -
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FIGURE 4.7. Thrust stand reaction to the current sweep from 10 to 60 mA.

during one pulse. Figure 4.9a shows the comparison of thruster position history for one pulse

under different configurations and Fig. 4.9b shows the typical discharge current trace for one

pulse in hot test. The gray wire shows the raw measurement data and the solid black wire

shows the filtered data obtained by simply averaging the raw data. The average discharge

time measured from several current traces is 40.2 µs. Note that the Y-axis unit "Voltage" in

Figure 4.9a is the voltage change in relative to the neutral position of the LVDT output. Thus

it can be directly translated into position change of the thruster.

FIGURE 4.8. Plasma plume during one pulse.
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history for one pulse for Cold Gas and Hot Pulse configuration. (b) Raw and
filtered current trace for one pulse.

TABLE 4.5. Thruster test results

Method Mass Pulse Time (ms) ẋ(0) (mm/s) σ (mm/s) Ibit (µNs)
Cold Gas 5 5.713 ×10−2 1.58 ×10−2 10.471
Hot Pulse 5 1.884 ×10−2 5.76 ×10−2 34.534

The initial velocity ẋ(0) is found from curve fitting the raw data of each pulse from Figs. 4.9a

to calculate the impulse bit Ibit. Each experiment was repeated several times and the results

are summarized in Table 4.5.

4.3 Discussion

From Table 4.5, it is readily found that the µAF-MPDT increases the impulse bit by

34.534− 10.471

10.471
= 229.806% (4.15)

Compared with the cold gas thruster, Eq. 15 indicates an successful thruster design. From

table 5, the maximum available pulse energy can be calculated by:

Ebit =
1

2
CV 2 = 4.178J (4.16)
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Note that this value indicates the maximum energy available for each pulse. Since energy will

be dissipated in form of plasma heating, electromagnet wave, electric circuit loss ,etc. and

the actual energy stored in capacitor may be smaller than calculated value due to decrease of

capacitance when fully charged, actual energy that been converted into kinetic energy is hard

to find. Thus the maximum available energy is used as total input energy for the rest of the

calculation to calculate the performance.

Substitute Ebit with the data from Table 4.4, 4.5 into Eq. 4.1, 4.2 and 4.3, the "Hot Pulse"

performance parameters can be calculated as:

Isp,min =
Ibit

mmaxg
= 2, 319 s (4.17)

T

P
=

Ibit
Ebit

= 8.266µN/W (4.18)

ηmin =
I2bit

mmaxCV 2
= 9.402% (4.19)

where the subscript "min" represents the minimum value indicating the lower limit of the

calculated parameters. As mentioned in section 2.2.1, the pulse energy and mass bit used

in the calculations are the maximum available energy and the maximum allowable mass,

respectively. Therefore the actual pulse energy and mass bit could be smaller, resulting in

higher specific impulse and efficiency than the calculated value. Consequently, the calculated

value represents the lower limit of the range where parameters lie in.

The calculated performance data show an improvement comparing with the solid-state and

liquid-fed PPTs that have similar pulse energy and mass bit as listed in table 4.6.

It may be possible to further optimize the performance using an external magnetic coil similar

to the "Applied-Field Magnetoplasmadynamic Thrusters". This technique has been widly

used in micro propulsion systems, for instance, micro vacuum arc thrusters to enhance the

performance and extend the lifetime [68]. Zolotukhin et al successfully increased the thrust
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TABLE 4.6. Comparison between the µAF-MPDT and other PPTs/VATs

Propellant Ebit (J) mbit

(µg)
Ibit
(µNs)

Isp (s) η (%) T/P
(µN/W)

Ref.

Argon 4.0±0.1 1.5 18.7 1270 2.76 4.68 [142]
Teflon 5.23±0.26 11.8 56.1±9.9 483±85 2.60 8.74 [108]
Aluminum 0.266 0.28 4.31 1571 12.5 16.3 [81]
Water 10 6 80 1550 6 8 [67]
Air 4.178 1.518 34.534 2319 9.402 8.266 This

paper

force as well as the impulse bit by a factor of around 4 - 5 with an external magnetic field coil

driven with 17.2 A direct current for the µCAT thruster [145]. Based on this performance

increase, the specific impulse could exceed 10,000s with external magnetic coil, making

µAF-MPDT a powerful competitor with conventional solid state PPTs.

The propellant flow is controlled by altering the valve opening time in this experiment, which

is affected by the tank pressure, control signal accuracy and valve response time. This could

be improved in the future design by adding another valve and a temporary gas reservoir. A

specified amount of propellant can be charged into the reservoir from the first valve and

then fed into the nozzle through the second valve. Then the mass bit can be controlled by

changing the volume of the reservoir according to the propellant property. This could also be

controlled via a well designed and manufactured sonic orifice as mentioned in section 2.2.1.

However, this control method requires higher power input to generate several pulses during

the discharge time period to maximize the propellant utilization, which is not suitable for

small satellites.

The average discharge time as measured from the oscilloscope was τ=40.2 µs for each pulse.

Therefore, by dividing the discharge energy by the discharge time, the average power for each

pulse was calculated as:

Pavg =
4.178

40.2µs
= 103.93kW (4.20)
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This value lies in the normal MPD thruster working power range, which makes it reasonable

to believe that the µAF-MPDT is operating properly while pulsing. The average input power

is measured to be 1.857 W, which is affordable by general 3-U CubeSats.

FIGURE 4.10. Simplified circuit diagram for µAF-MPDT system.

From Fig. 4.9b, the current across the thruster oscillates after discharge happened. This

indicates that after the breakdown, the current oscillates through the conductive plasma before

it has been ejected out from the nozzle. Assuming the thruster circuit as a simple RLC circuit

as shown in Fig. 4.10, the specific impulse for a co-axial PPT can be calculated using equation

[141],

Ibit =
µ0

4π
ln

rout
rin

∫
J2dt (4.21)

From the equation, the Isp has a linear relationship with the integral of the square of the

current. Since the current passes through zero several times during oscillation, the specific

impulse is reduced and thus decrease the performance. This could be improved by redesigning

the circuit to let the current critically damped after discharge. To achieve this, the half period

time should be kept longer than the time required for the plasma to be completely ejected from

the nozzle, which can be translated into reducing the frequency of the circuit. Comparing

with increasing the resistance and inductance which could reduce the performance of the

thruster, the simplest method is to increase the capacitance.
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The propellant used in this thruster design is air, which makes it possible to be a candidate of

the air-breathing electric propulsion methods. There has already been several air-breathing

thrusters design based on the conventional electric propulsion systems (i.e. ion thrsuter,

hall thruster, inductive plasma thruster and PPT) to compensate the drag force at VLEO.

[35, 13, 112, 15]. Also, Schönherr et al [118] pointed out that PPT could be used for drag

compensation for small satellites. Although these propulsion methods demonstrated the

possibility of using air in upper atmosphere as propellant to generate thrust force, they are

huge in size compared to the small satellites and consume too much power. However, Jackson

and Marshall [56] analyzed that it is possible for CubeSats to counteract drag force in LEO,

and Li et al [82] has successfully demonstrated that it is possible to compress gas collected

in 150–240 km to an atmospheric pressure at a flow rate of 0-50 sccm. Considering the fact

that the current design of µAF-MPDT requires air at 1 atmospheric pressure to operate, it is

possible to be used for small satellites to maintain the orbit at VLEO using air collected from

the upper atmosphere with a well designed inlet and compressor.

4.4 Conclusions

A micro air-fed magnetoplasmadynamic thruster (µAF-MPDT) that operates in a pulse mode

was built and tested on a house-made thruster stand. The thrust stand was calibrated and

shows good accuracy with a small repeatable error. The thruster generated a 34.534µNs

impulse bit with a specific impulse of 2319 s using air as propellant with an average of 5.5

ms pulse time and 4.178 J pulse energy under 1.857 W average input power. The thrust

to power ratio and efficiency is calculated to be 8.226 µN/W and 9.402%, respectively.

Although the performance calculations demonstrate an improvement comparing with other

PPTs/VATs using various propellants, the excessive propellant waste caused by long response

time of the solenoid valve need to be further optimized. Solutions to the excessive mass

waste are proposed including using two solenoid in series with a controllable temporary gas

reservoir and using a well designed and manufactured sonic orifice. Further improvement

in specific impulse and thrust performance can be achieved by adding an external magnetic

coil. The discharge waveform is discussed and thruster performance can be further improved
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by increasing the capacitance of the energy storage capacitor. The possibility of using the

µAF-MPDT to compensate atmospheric drag force in VLEO was discussed, which leading to

a conclusion that it is possible to use the proposed thruster design for CubeSats to counteract

the atmospheric drag force to maintain the orbit, and therefore extending the satellites’ lifetime

and mission time.



CHAPTER 5

EPM for CUAVA-2 Payload Design

The Electro-permanent magnetorquer, an attitude control system designed for small satellites,

has been designed with basic functionality proved by simulations and experiments in the

lab environment. However, as a satellite payload, the best way to prove the functionality,

suitability, and performance is to launch it with a satellite and monitor the actual in-orbit

performance. The Australian Research Council Centre for CubeSats, UAVs, and Their

Applications (CUAVA) develop the technology and commercial products to grow a world-

class Australian industry in CubeSats, UAVs, and related areas. As part of the project, a 3U

CubeSat "CUAVA-1" was successfully launched on Aug 29th, 2021, through Falcon 9 and

deployed from International Space Station on 12nd October 2021 into the Low Earth Orbit

(LEO, 405 km) [29, 30]. Another CubeSat mission which aims to develop and launch a 6U

Cubesat, named "CUAVA-2", is under development and construction when the thesis is being

compiled. The EPM will be integrated as a payload and tested in orbit. To meet the design

requirements and electronic specifications of the CUAVA-2 CubeSat, a new EPM payload

is developed based on the EPM prototype with some modifications and considerations. The

details of the EPM payload design for the CUAVA-2 CubeSat mission will be introduced in

this chapter.

5.1 Electronic design

As an actual satellite, there are some size, weight, and power constraints to ensure the safety

and functionality of the whole satellite system. The prototype board, shown in Fig. 3.28

cannot be used directly for the CUAVA-2. Firstly the control of the EPM prototype was
145
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achieved through an external Arduino Uno. To make it suitable for being used as a payload,

the microcontroller must be integrated into the board to allow the EPM to operate by sending

a command following a specific protocol. Secondly, the EPM was powered by a 3-cell Li-ion

battery through a standard JST XH2.54 2P onboard connector. Since the power system on

the CubeSat has to feed the whole satellite, the direct connection from the power supply to

the EPM is not allowed for safety reasons. Therefore the power system must be modified to

suit the capability of the satellite’s power system. Thirdly the EPM must be able to provide

detailed payload status information to the payload computer, e.g., current consumption and

magnetization status. Then the EPM shall be able to connect to the satellite via a supported

interface. The interface shall meet the desired communication specifications and power rating

and be easily accessible for debugging. Lastly, the square-shaped board cannot be installed

in a proper CubeSat frame. The overall board size must be shrunken and follow specific

design requirements to fit the structure. The board layout must be re-designed with all the

aforementioned design considerations and requirements to fit all the sub-systems properly.

With all the considerations and design requirements, the details of the electronic design of the

payload for the CUAVA-2 mission will be introduced in this section.

5.1.1 Main controller

The magnetorquer board cannot be controlled directly from the payload computer and requires

a built-in micro controller dedicated for the communication with the payload computer and

control of the EPM sub-system. For ease of integration, programming, and environmental

requirement, the Atmega32U4-AU microcontroller made by Atmel is selected as the central

controller for the EPM payload board. The chip has a pre-loaded Arduino bootloader that can

be recognized as a COM port when connected to the payload computer through the built-in

USB pins, making it easy to debug and update the program after integration. Besides, the chip

works on 5 V, which can be powered directly from the 5 V bus the satellite’s power system.

The chip features six individual ADC channels with 12 bits resolution and 17 GPIOs. Three

of the ADC pins are assigned to hall sensors for each axis as a measure of the torque rod

magnetization, one is assigned to measure the capacitor charging voltage, and the rest two are
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used to monitor the system current, which will be introduced in the later section. Since there

are three axes of the torque rods, and each axis requires an H-bridge to operate, 12 GPIOs are

assigned to each thyristor to control the bridge directly. Two GPIOs are assigned to control

the capacitor charger, and another two are dedicated for I2C communication. The last GPIO

is assigned to control the main power to the capacitor charger for safety reasons, which will

be introduced in the next section.

The chip is turned on and off by controlling the power to the EPM payload board. The

microcontroller will start to run the pre-compiled initialization code after being supplied with

power. When the system is initialized, it stays in standby mode and waits for the command

from the payload computer. At the end of the payload mission, the power system only need to

cut the power to the EPM to turn the whole EPM system off.

5.1.2 Power system

The power system is the major system that needs to be adjusted to suit the CUAVA-2’s power

system. For the prototype EPM, the logic power is supplied by the Arduino Uno onboard 5

V regulator and the capacitor charging power is provided by a separate 3-cell Li-ion battery.

However, as introduced at the beginning of this section, the battery cannot be connected to

the EPM directly for safety reasons, and the maximum available voltage is 5 V. Furthermore,

only one power channel can be used by EPM, and the maximum available current for each

channel is 2 A, resulting in a 10 W maximum available power. Since the LT3750 capacitor

charger requires at least 12 V to operate, and the peak power required for the chip is beyond

the capability of the channel, a new capacitor charger is required to charge the capacitor to

the required voltage (400 V) while maintaining the overall power consumption below 5 W.

To meet both the high voltage and low power requirements, the high voltage DC-DC power

module AH05P-5 made by XP Power is selected to charge the capacitor array. Each of the

AH05P-5 module can output maximum 500 V with 5 V 1.5 W power input. The module

can work directly with the 5 V bus voltage without any voltage conversion and regulation,

and the power consumption is well below the channel power capability. However, if a 400 V

capacitor voltage is required, a total of 0.747 J energy shall be stored in the capacitor. For the
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selected power module, assuming it operates at 1.5 W with 100% conversion efficiency, it

still requires 0.747/1.5 = 0.498 s to charge the capacitor. For a charging command consists

of four continuous pulses, it will take 0.498× 4 = 1.992 s to complete, which is not optimal.

To fully use the bus power capability, four of the AH05P-5 module is installed on the EPM

payload board to charge the capacitor array in parallel, as shown in the block diagram of the

power system (Fig. 5.1). As mentioned in the previous section, two modules form a group

and are controlled by a GPIO pin. Therefore if the system power is limited, only one group

of powers module can be activated when charging the capacitor array. If fast charging is

required, all four modules can operate simultaneously.
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FIGURE 5.1. Block diagram of the power system with current monitoring.

To ensure safety, the input power is separated into two branches. The first branch connects

directly to the microcontroller and all the sensor peripherals. This feature ensures that once

the power is supplied to the EPM, the microcontroller can be powered on at the first instance

to initialize the board and make the EPM ready to operate. The second branch connects to

the charging module through a PNP MOS-FET. The MOS-FET works as an ON-OFF switch

to control the power to the charging module. The gate pin of the MOS-FET is pulled high

in default, which keeps the MOS-FET in the OFF state in case the charger is turned on by

mistake, and the microcontroller can only turn on the MOS-FET under command. The current

flow in the two branches is monitored by MAX44284 current sensor IC made by Analog
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Devices, which measures the current flow by measuring the voltage drop across a resistor

when the current pass through. Since the estimated current flow into two branches is different,

different voltage sensing resistors and sensors with different gains are selected to ensure the

current is within the measurement range of the Arduino embedded ADC.

5.1.3 System status monitoring

It is essential to inform the payload computer of the system status of the EPM while it is

being powered. If any abnormal occurs, the payload computer can directly cut the power to

the EPM to avoid further damage to the satellite system. The critical status data to monitor is

the current flow, as any faulty components and system malfunction translate directly to the

power consumption, which can be directly reflected in the current flow. Two current sensors

ICs, as introduced in the previous section, are used to monitor the current flow into the system

and charging modules.

Another parameter to monitor is the torque rod magnetization status. A torque rod with

unknown magnetization status risks the satellite’s attitude. Suppose the demagnetization

procedure is not performed on the EPM’s torque rod. In that case, it remains the magnetization

and continuously generates torque to the satellite, which may cause the loss of control of the

reaction wheel and thrusters. DRV5055 linear hall sensor made by Texas Instruments is used

as the torque rod status monitor, as mentioned in the previous sections. The TO-92 package

is glued to the further end of the X and Y torque rod to measure the flux density generated

by each torque rod. The installation position is to avoid the cross-influence by the adjacent

torque rod. For the Z axis, the same sensor in the SOT-23 SMD package is soldered on the

bottom side of the circuit board to sense the flux density generated by the Z axis torque rod.

The capacitor voltage and charging modules’ status will be monitored and reported to the

payload computer simultaneously.
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5.1.4 Interface

The connection between the EPM and the satellite must be established using connectors sup-

ported by the satellite system and meet the specific requirements. The electrical connection

is usually achieved through PC104 connectors for a normal CubeSat. However, as advised

by the CUAVA-2 engineer, besides the standard PC104 connector, additional connection

interfaces shall be designed on the PCB on the opposite side of the PC104 connector. As

widely used in the CubeSat, the PicoBlade wire-to-board connection system provides an

additional connection interface to the satellite system. For the functionality and connectivity

consideration, the ATmega32U4 built-in USB connector is assigned to one of the 4-pin Pico-

Blade connectors to enable debugging using the native COM port with the Arduino bootloader

installed. The ATmega32U4 In-Circuit Serial Programming (ICSP) is assigned to another

4-pin PicoBlade connector to provide direct access to the chip in case the bootloader or the

program is corrupted. Another 6-pin PicoBlade is installed to provide the I2C communication

and power connection. Since each pin of the PicoBlade connector supports a maximum 1 A

current, a total of 4-pins are used to provide the power to the EPM, with 2-pins serving as a

positive connection and 2-pins as a ground current return. The other 2-pins are used as SDA

and SCL pins for I2C communication.

The power and I2C communication can also be accessed from the PC104 connectors. Three

"NON-POP" zero ohm resistors are assigned to three pins of PC104 for manual adjustment of

the source of 5 V power. Besides all the aforementioned interfaces, there are not any other

connectors provided. The three LEDs between the 4-pin and 6-pin PicoBlade connectors are

for debugging use only. The LEDs can be disabled by desoldering a common cathode zero

ohm resistor.

5.1.5 PCB layout

The square-shaped prototype PCB cannot be fitted into the CUAVA-2 structure directly. The

PCB outline shall follow special requirements, e.g., hole locations, edge cutout, and clearance,

to be embedded into the satellite structure. In detail, the PCB specifications of the PUMPKIN
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FIGURE 5.2. PCB Specifications of Pumpkin CubeSat [100]

CubeSat kit, as shown in Fig. 5.2 shall be referred to as the PCB outline of the EPM payload.

In addition, the PCB is designed to be inserted in an aluminum shell to protect the EPM and

other payloads, which will be introduced in the later section. Therefore, an additional 1.5

mm offset shall be left for the wall thickness of the shell, which will be introduced in the

later section. Since the prototype board, as a core function unit, is already crowded, further

shrinking the size with numerous additional parts is challenging.

Firstly, there should not be any components in the area where the PC104 socket is installed.

Secondly, there should be clearance near the four mounting holes in the corner of the board.

Thirdly, the edge cutout for the routing of the wire must be designed and not interfere with

any components. Then the PicoBlade connectors must be opposite to the PC104 connector,

which overlaps with the main torque rod and protection components. Lastly, the high voltage

side shall be physically separated from the low voltage side to avoid any potential breakdown

due to the low atmospheric pressure.
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charging current control MOS-FET
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FIGURE 5.3. PCB layout of EPM payload.

With all the design requirements and considerations, the final PCB layout is shown in Fig. 5.3

with each functional area pointed out in different color. The heavy components are placed

on the outer side of the board and distributed according to the mass to achieve overall mass

balance. Besides the four corner mounting holes, another hole for the reinforcement standoff

is placed in the center of the board to enhance the overall rigidity to pass the vibration test.

Four 6 mm diameter 12 mm length AlNiCo 5 magnet bars are selected as the Z axis torque

rod due to the height restrictions. The four magnets are wrapped with AWG 28 copper wire

in the same direction and are put into a shell made with brass, which is then infused with

3M DP2216-Gray epoxy adhesive to enhance the rigidity and durability. The photo of the

complete EPM payload board is shown in Fig. 5.4.

5.2 Hardware design

Besides the modifications of the electronics components and layout, the EPM payload board’s

hardware must be modified to meet the design requirements. Although there is no interference

observed during all the tests on the prototype board, the pulse working principle of the

EPM makes it has the potential to generate an electromagnetic pulse (EMP), which could
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FIGURE 5.4. Photo of the top and bottom of the final EPM payload board.

damage or interfere with other electronic devices on the satellite. Therefore the shielding

shall be designed to isolate the sensitive components from the outer environment and provide

structural stiffness. The torque rod stand must be re-designed to provide structural rigidity

to the torque rod while maintaining a good electrical connection to the circuit board. The

hardware considerations and modifications of the EPM payload will be introduced in this

section.

5.2.1 Shielding shell

Since the EPM works in pulse mode, the instantaneous pulse current may generate Electro-

Magnetic Pulse (EMP), which has the potential to damage other electronic devices. To avoid

the potential risk of the EMP, and to suppress the electromagnetic interference with other

components during the discharge, proper shielding of the high voltage and high current is

required. Since the location of the EPM payload was not confirmed by the systems engineer

at the time this thesis was written, there are two shielding designs based on different sizes and

thickness considerations: An aluminum box and a copper sheet shield.

The first shielding method is to put the whole EPM inside an aluminum box, which serves as

a Faraday cage and also provides the stiffness and rigidity to the overall structure. The outline

of the aluminium box shall follow the specifications shown in Fig. 5.2. The box has a average

wall thickness of 1.5 mm, and a 1.5 mm thick aluminium plate is used as the top cover of
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FIGURE 5.5. Photo of the top and bottom of the aluminium box.

FIGURE 5.6. Photos of the assembly of the aluminium box with EPM board.

the aluminium box. Note that the Z-axis torque rod is sandwiched by the aluminum box and

PCB for maximum structural strength and rigidity. The finished aluminum shell is shown in

Fig. 5.5, and the aluminium box with the EPM board assembled is shown in Fig. 5.6. The

designed thickness of the assembly shall achieve 20.4 mm, and the measured thickness of the

assembly is 20.7 mm, which shall be checked with the assembly engineer.

Another version of the shielding is designed using only copper sheets. Similar to the aluminum

shielding in some of the sensitive circuit board, especially in some of the board that contains
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FIGURE 5.7. Assembly of the EPM payload board with copper shielding.

high-frequency radio communication components, a customized copper shielding is designed

to provide similar shielding to the high voltage and current part of the EPM board. The

shielding is manufactured by cutting a 0.3 mm thickness copper plate following the designed

2D sketch using the laser cutter, which is then folded back into the 3D box following the

designed pattern. The shielding is soldered to the PCB in the designated soldering pads.

All exposed metal is grounded for safety reason. The EPM board with top and bottom

copper shielding installed is shown in Fig. 5.7. With the copper sheet shielding, the overall

thickness of the EPM module can be brought down to 18.0 mm, which makes it take less

space compared with the aluminum box.

5.2.2 Torque rod stand

For the EPM payload board for CUAVA-2, a proper torque rod stand shall be designed to

provide adequate structural stiffness while reducing the electrical impedance at the connection

joint.

As the main torque rod for the EPM, the X and Y axis torque rod shall provide as high

structural stiffness as possible as the connection joint will experience the most repetitive force

during the vibration. Due to the limited on-board room, the conventional bolt-clamp structure

cannot be used here. Therefore a single-piece torque rod stand made with brass is designed,

as shown in Fig. 5.8.
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FIGURE 5.8. X and Y axis torque rod stand.

The torque rod is inserted into the larger hole of the torque rod stand, and the solenoid wire

can be fed through the small hole on the blind end, which will then be soldered on the stand.

The torque rod stand is bolted on the board using an M3 screw for the maximum structural

stiffness and the stand is directly soldered on the board to increase the contact area and volume

and reduce the joint electrical impedance. The contact area between the torque rod and the

stand will be filled with DP2216-Gray epoxy adhesive to prevent wiggling movement.

The Z-axis torque rod highly depends on the satellite’s height budget for the magnetorquer. If

a strong Z axis dipole moment is required, a torque rod with the same dimension as the X

and Y axis torque rod can be used, and even a longer torque rod could be installed to provide

stronger actuation in the Z axis. For the EPM payload for CUAVA-2, the thickness of the

component above the circuit board is restricted to be less than 13 mm. Therefore four of

the 12 mm 6 mm diameter torque rods are selected to provide around 0.1089× 4 = 0.4356

Am2 vertical dipole moment based on the experimental data obtained in section 3.2.3.2. The

enclosure is designed to be "cap-less" to further reduce the thickness, as shown in Fig. 5.9.

The M2 bolts are selected to fasten the enclosure due to the limited size, and brass is selected

to manufacture the enclosure due to their higher material hardness compared with aluminum



5.2 HARDWARE DESIGN 157

FIGURE 5.9. Z axis torque rod stand.

to provide enough binding strength when small threaded bolts are used. After the installation

of the torque rods, the gap with the enclosure is filled with DP2216-Gray epoxy adhesive to

make the whole Z-axis torque rod a rigid body for maximum structural stiffness. The solenoid

copper wire is routed out of the enclosure and soldered on the board directly to provide an

electrical connection. The same epoxy adhesive is applied to the exposed wire to provide

protection. The finished Z-axis torque rod with a stand mounted on the board is shown in Fig.

5.4, 5.6, and 5.7.

5.2.3 Integration and vibration test results

The EPM payload has been integrated with other CUAVA-2 payloads and sent for vibration

test. The photo of the test assembly with other payloads is shown in Fig. 5.10, and the test

results are attached in the Appendix D.
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FIGURE 5.10. Assembled CUAVA-2 payloads for vibration test.
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5.3 Conclusion

The EPM payload board for CUAVA-2 has been designed and introduced in detail in this

section. The significant changes are the board outline and the capacitor charging circuit. To

make it able to be embedded into the CUAVA-2, the board outline has been trimmed according

to the design reference, and an extra 1.5 mm offset has been applied to the board outline

for the aluminum shielding case. With the shrunken board size, the components layout and

torque rod stand have been re-designed to ensure that all components can be squeezed into the

tiny space without interfering with each other while maintaining a balanced mass distribution.

The vertical axis torque rod has been shortened due to the height restriction of the available

room for the EPM, and a proper torque rod stand has been made for the vertical torque rod.

Four of the AH05P-5 DC-DC power converter modules made by XP power are selected as the

main capacitor charger module due to the power constraint of the CUAVA-2 power system.

The four power modules are divided into two groups, with two modules forming a group for

programmable power and charging speed requirements. Both the standard PC104 connectors

and the PicoBlade connectors are enabled to support multiple connection interfaces to the

satellite payload computer and power module.

The program for the microcontroller ATmega32U4 on the EPM payload board was not ready

when this thesis was being composed, and the communication to the payload computer has

not been tested. Due to the delay in the process of CUAVA-2, the function and communication

test will be postponed. The details of the EPM payload board test results will be conducted in

the future study.



CHAPTER 6

Three axis control algorithm for Smart Attitude Control System

The smart ACS consists of two actuators, EPM and µAF-MPDT. As described in previous

chapters, both can provide attitude control and actuation capability. The EPM can provide

momentum adjustment without consuming propellant, and the µAF-MPDT can provide ultra-

accurate attitude adjustment for small satellites, especially CubeSats taking advantage of the

ultra-small and compact form factor. It is proven that the EPM is capable of satellite’s angular

momentum dissipation for detumbling and fine attitude control, e.g., pointing, with a pointing

error discrepancy of ±0.4 °. Combining these two actuators, taking advantage of high torque

force, fast response time, low energy consumption, and zero propellant consumption of the

EPM, and the high accuracy and compact size of the µAF-MPDT, a complete ACS that can

perform ultra-high precision attitude control with low power consumption can be achieved

with a proper controller that properly controls both actuators. Therefore in this chapter, a

three-axis control algorithm is designed for the smart ACS to perform high accuracy three-

axis pointing maneuver. Simulation results using the experimentally obtained performance

characteristics of the EPM and µAF-MPDT will be shown to illustrate the performance of the

smart ACS.

6.1 Controller design

In this section, a three-dimensional pointing control algorithm is developed using sliding

mode control algorithm.

The kinematics of the controller can be described as:
160
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q̇ev = 1
2
(qXev + qe4I3)ωe

q̇e4 = −1
2
qTevωe

(6.1)

where qe is the quaternion error satisfying following equation:

qe = [qTev, qe4]
T = q ⊗ qd =

qd4qv − q4qdv + qXV qdv

qd4q4 + qTd4qv



q = [q1, q2, q3, q4]
T is the spacecraft attitude, and qv = [q1, q2, q3]

qd = [qd1, qd2, qd3, qd4]
T is the desired attitude, and qdv = [qd1, qd2, qd3]

and the notation aX ∈ R3×3 for any arbitrary vector a = [a1, a2, a3]
T ∈ R3 is utilized to

denote a skew-symmetric matrix

aX =


0 −a3 a2

a3 0 −a1

−a2 a1 0


The tracking error dynamics can be described as follows:

Jω̇e = −ωXJω + J(ωX
e Cωd − Cω̇d) + u+ d (6.2)

where d is disturbance, u is control input, J is the inertia matrix of spacecraft, ω is the rotation

speed of spacecraft, ωe is the error rotation speed, ωd is the desired rotation speed. ωe and ωe

satisfy the following equation.ωe = ω − Cωd, C = (q2e4 − qTevqev)I3 + 2qevq
T
ev − 2qe4q

X
ev

ωd satisfies: q̇dv = 1
2
(qXdv + qd4I3)ωd, and q̇d4 = −1

2
qTdvωd
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With two assumptions:

(1) step tracking that qd is constant quaternions and ωd = 0;

(2) There is no disturbance to the system (d = 0);

the following sliding manifold can be designed:

s = ωe − α (6.3)

where:

α = [α1, α2, α3]
T

αi =

 −sgn(qe4)Σvi · sin (π2 · qevi
Σωi

), |qevi| ≤ Σωi

−sgn(qe4)Σvi · sgn(qevi), else
, i = 1, 2, 3

Where Σvi and Σωi are 2 positive parameters determined by users.

Theorm 1

For the previously developed system (6.2), if the system’s initial state, magnetic torque M, and

parameters
∑

ωi,
∑

V i (i =1,2,3) satisfy (6.4), the controller u = −M · sgn(s) can achieve

the asymptotic stability such that limt→∞ qe(t) = [0, 0, 0, 1]T :

M ≥ 2(
2V– 2(0)

λmin(J)
+ ||ΣV ||2)λmax(J) +

√
V– 2(0)

+ λmax(J) ·
π

2
· ||A|| · (

√
2V– 2(0)

λmin(J)
+ ||ΣV ||) (6.4)

where:

ΣV = [ΣV 1,ΣV 2,ΣV 3]
T
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A = diag
{
[
ΣV 1

ΣW1

,
ΣV 2

ΣW2

,
ΣV 3

ΣW3

]
}

sgn(s) = [s1, s2, s3]
T

Proof

Set the Lyapunov candidate:

V– 1 = qTevqev + (1− |qe4|)2

V– 2 = V– 1 +
1

2
STJS

(6.5)

(6.5) can be further written as (6.6)

V– 2 = 2− 2|qe4|+
1

2
STJS (6.6)

Taking the derivative of (6.6), (6.7) can be obtained.

V̇– 2 = sgn(qe4)q
T
evωe + ST (Jω̇e − Jα̇)

= sgn(qe4)q
T
evα + ST [u− ωXJω − Jα̇

+ sgn(qe4)qev + J(ωX
e Cωd − Cω̇d) + d]

(6.7)

where J(ωX
e Cωd − Cω̇d) = 0 due to assumption 1 and d = 0 due to assumption 2.

V̇– 2 = sgn(qe4)q
T
eqα + STu− STωXJω − STJα̇ + ST sgn(qe4)qev (6.8)
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where:

−STωXJω ≤ ||S|| · ||ω||2 · λmax(J)

= ||S|| · ||S + α||2 · λmax(J)

≤ ||S|| · (||S||2 + ||ΣV ||2 + ||S||2 + ||ΣV ||2)λmax(J)

≤ ||S|| · 2( 2V– 2

λmin(J)
+ ||ΣV ||2) · λmax(J)

−STJα̇ ≤ ||S|| · λmax(J) · ||
[
π

2
· ΣV i

ΣWi

cos (
π

2
· qevi
Σωi

)q̇evi

]
||

≤ ||S|| · λmax(J) ·
π

2
· ||A|| · 1

2
||1 + 1|| · ||ωe||

≤ ||S|| · λmax(J) ·
π

2
· ||A|| · (

√
2V– 2

λmin(J)
+ ||ΣV ||)

ST sgn(qe4)qev ≤ ||S|| · ||qev|| ≤ ||S||
√
V– 2

By inserting the equation of controller u = −M · sgn(s) into (6.8), (6.9) can be derived

V̇– 2 ≤ −
L∑

j=1

Σvj|qevj| −
3−L∑
k=1

Σvkqevk sin (
π

2
· qevk
Σwk

)− STMsgn(s)

+ ||S||
[
2(

2V– 2

λmin(J)
+ ||Σv||2)λmax(J) +

√
V– 2

+ λmax(J)
π

2
· ||A|| · (

√
2V– 2

λmin

(J) + ||Σv||)
]

(6.9)

where L is a non-negative integer no greater than 3.

STMsgn(s) = −M
3∑

i=1

|Si| = −M
3∑

i=1

√
S2
i ≤ −M

√√√√ 3∑
−=1

S2
i

= −M ||S||

(6.9) can be further written as (6.10)
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V̇– 2 ≤ −
L∑

j=1

Σvj|qevj| −
3−L∑
k=1

Σvkqevk sin (
π

2
· qevk
Σwk

)

+ ||S||
[
−M + 2

( 2V– 2

λmin(J)
+ ||Σv||2

)
λmax(J) +

√
V– 2

+ λmax(J)
π

2
· ||A|| ·

(√ 2V– 2

λmin

(J) + ||Σv||
)]

(6.10)

Apparently, the function f(V– 2) defined in (6.11) is monotonically increasing among V– 2 ∈

[0,+∞]. Therefore, if −M > f(V– 2) is valid when t = 0, then V̇– 2(0) ≤ 0 makes V– 2(0 +

dt) ≤ V– 2(0), which makes f(V– 2(0 + dt)) ≤ f(V– 2(0)). Then, it is easy to conclude

−M + f(V– 2(t)) ≤ 0 when t > 0.

f(V– 2) = 2(
2V– 2

λmax(J)
+ ||Σv||2)λmax(J) +

√
V– 2 + λmax(J)

π

2
||A|| ·

(√ 2V– 2

λmin(J)
+ ||Σv||

)
(6.11)

Therefore, (6.10) can be written as (6.12).

V̇– 2 ≤ −
L∑

j=1

Σvj|qevj| −
3−L∑
k=1

Σvkqevk sin (
π

2
· qevk
Σwk

) (6.12)

Based on (6.10), it is apparent that V̇– & < 0 as long as ||qev|| ≠ 0. Therefore, qe is asymptotic

stable such that limt→∞ qe(t) = [0, 0, 0, 1].

Proof end.

6.2 Simulation

The controller developed in the previous section has been verified using MATLAB-based

simulation using experimentally obtained actuator performance data. The first simulation was

conducted using only EPM activated as the actuator. The Bang-off-Bang control algorithm
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was used to perform attitude control with a maximum torque force of 50 µNm, which occurs

when the torque rod is orthogonal to the ambient field. The system’s moment of inertia matrix

I is assumed to be (unit: kgm2):

I =


0.0614 0 0

0 0.0614 0

0 0 0.0614


and the system has an initial attitude represented by roll, pitch, and yaw angle θinit =

[40.85, 35.18, 20.82] in degrees. The ambient magnetic field is assumed to be constant. With

a control target of bringing the roll, pitch, and yaw angle to zero, the simulated system attitude

history is shown in Fig. 6.1, with three-axis torque rod magnetization history shown in Fig.

6.2. Another simulation was performed with both actuators activated in a sequence. When

the error to the target angle is large, only EPM is activated to bring the satellite attitude close

to the target angle. After the attitude angle reaches within 0.05 ° to the target angle, the EPM

will be turned off, and the thrusters will take over the satellite’s control to provide accurate

attitude adjustment. The system attitude history for the simulation with both actuators enabled

is shown in Fig. 6.3, with the thrusters actions record shown in Fig. 6.4. The simulation

for the thrusters runs on the assumption that the thrusters are configured in pairs to generate

torque force in each of the rotational axes. The thrusters work in pulse mode with an interval

of 0.1 s between pulses and 40 µs pulse time, which is obtained from the experimental results.

An average thrust force of ∼ 860 mN is generated for each thruster during the active pulse

time, and two thruster in a pair are separated by 0.1 m, which result in a 0.086 Nm torque

force during the pulse time.

6.3 Analysis

For the control simulation using only EPM as the actuator, the steady state system attitude

is zoomed in, as shown in the right part of Fig. 6.1, where the system can achieve ±0.04 °

pointing accuracy on three axes under the given system parameters and initial conditions.
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FIGURE 6.1. The system attitude history for the simulation using only EPM
as the actuator. System angles are represented in roll, pitch, and yaw angle in
degree.
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FIGURE 6.2. The total amount of dipole moment generated by each axis
torque rod of the simulation using only EPM as the actuator.

Since the EPM is assumed to work only in "Bang-Bang" mode, when approaching the target

angles, the controller sends the command to the EPM to change the magnetization direction

back and forth due to the too strong torque input, which makes the system oscillates around

the target angle. After adding the thrusters, this oscillation around the target angle due to the

EPM can be well suppressed, and the pointing error discrepancy can be decreased by a factor
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FIGURE 6.3. The system attitude history for the simulation using both EPM
and µAF-MPDT as the actuator. System angles are represented in roll, pitch,
and yaw angle in degree.
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FIGURE 6.4. The three axis torque force generated by the thrusters of the
simulation using both EPM and µAF-MPDT as the actuator.

of around 10, reaching around ±0.005 °. Although the oscillation still exists due to the pulse

mode operation, its magnitude is smaller than that generated by the EPM, which increases

the control accuracy. Future studies could focus on developing another control algorithm for

the magnetization of the torque rod to achieve a smoother and continuous control input to

increase the control accuracy further and reduce the oscillation.
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Although the control algorithm is proven to be capable of providing the attitude control with

pointing error discrepancy of around ±0.005 ° with both actuators activated, the control law

is not optimized in terms of power and propellant efficiency. Similar to the single torque rod

single axis controller developed in section 3.3.5, numerous control commands were sent to

the EPM to maintain the system on the designed sliding manifold, which is unnecessary and

a waste of energy. Like the thrusters, a considerable amount of propellant and energy were

wasted following the sliding manifold. Therefore another controller can be designed and

implemented, focusing on energy and propellant optimization while maintaining and even

improving the control accuracy and settling time.

6.4 Conclusion

A three-axis controller has been developed in this section and proven to meet the control

target through mathematical calculation and MATLAB-based simulation. Simulations were

performed with experimentally obtained system parameters from the previous sections with

some assumed initial state and geometrical parameters. Two simulations were conducted, the

first using only EPM as the actuator and the second using both EPM and µAF-MPDT as the

control input. The results show that a pointing error discrepancy of ±0.05 ° can be achieved

using only EPM as the actuator, and the attitude angle oscillates around the target angle due to

the use of the "Bang-off-Bang" operation method for the EPM. This oscillation problem can

be well suppressed by replacing the EPM with µAF-MPDT when the control error is smaller

than around 0.05 ° for each axis, which reduces the oscillation amplitude and decreases

the pointing error discrepancy to around 0.005 °. Due to the pulse mode operation of the

µAF-MPDT and the "Bang-Bang" operation mode of the EPM, the steady state oscillation

problem cannot be removed at this stage. Future studies could focus on a smoother control

input for the EPM to remove the steady state oscillation and further increase control accuracy.



CHAPTER 7

Conclusion and future work

A smart satellite attitude control system has been designed and developed in this thesis. The

control system consists of a novel electro-permanent magnetorquer (EPM) that can generate

magnetic dipole moment with controllable direction and strength and an ultra-compact micro

air-fed magnetoplasmadynamic thruster (µAF-MPDT), which utilizes normal air as the

propellant to generate thrust force. Conventional magnetorquers utilize either air or soft

magnetic material as the core material. Unlike conventional magnetorquers, the EPM utilized

hard magnetic material as the core material, which is normally used as permanent magnet as

it can hold the magnetization after the external magnetic field is removed. Since the EPM

needs to change the magnetization direction and strength of the torque rod frequently, and

the remaining magnetization strength shall be as high as possible to achieve a high dipole

moment, the material shall have high residual induction and low coercive force. Therefore

after comparing the properties of common hard magnetic material, the AlNiCo 5 has been

selected to be the torque rod of the EPM. Since a relatively high external magnetic field is

required to change the magnetization of the torque rod, a driving circuit based on the famous

"RLC" circuit has been designed. The capacitance of the capacitor array and turns the copper

wire winding to the torque rod, which will affect the series resistance and induced inductance,

were analyzed mathematically. The optimal configurations in terms of magnetization and

power efficiency have been analyzed. Although the EPM prototype configuration is not

optimal in magnetization efficiency, it is at the boundary of the optimal region. The current

configuration is selected due to the ease of in-house manufacture. Future studies could

focus on experimentally validating the theoretical calculation of the optimal configuration

in magnetization and power efficiency. The effect of the size of the torque rod on the dipole

moment and magnetization has been investigated using both simulation and experiment. It has

170
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been found that for one layer of copper wire fully covering the outer surface of a cylindrical

torque rod, for a fixed torque rod length, increasing the diameter will increase the overall

dipole moment and decrease the magnetization. For a torque rod with a fixed diameter,

increasing the length of the torque rod will increase the dipole moment linearly. However,

the magnetization of the torque rod increases with the increasing rod length and seems to

be saturated when further increases the length. Final main torque rod are selected to be 6

mm in diameter and 60 mm in length. The EPM functionality has been tested experimentally.

It has been found that the measured flux density of the torque rod is strongly related to the

capacitor’s initial charging voltage, which indicates that the dipole moment of the EPM could

be adjusted by changing the capacitor charging voltage. The repeatability and demagnetization

of the EPM have also been examined experimentally. The performance of the EPM has been

experimentally measured using an in-house designed and manufactured Helmholtz cage and

air bearing table (ABT). The Helmholtz cage has been calibrated, and the measured dipole

moment for the X and Y torque rod is 1.287 Am 2 for the designed maximum capacitor

initial charging voltage of 400 V. The single axis single torque rod detumbling experiment

has been conducted on the ABT inside the Helmholtz cage. Using the famous "B-dot" control

algorithm, one torque rod can detumble the ABT that has a moment of inertia of ∼ 0.0612

kgm2/ from around 27 °/s to almost static in around 800 s, with a total energy of ∼ 82.92 J

consumed. A simple single axis single torque rod sliding mode control algorithm for accurate

attitude adjustment has been developed and tested on the same ABT inside the Helmholtz

cage. The experiment shows that a single torque rod can achieve the target angle and maintain

the error discrepancy within +/- 0.4 degree boundary under a specific system configuration.

The EPM has been accepted to be embedded into CUAVA-2 6U CubeSat to perform an

in-orbit test. An EPM payload board has been designed based on the EPM prototype board

with several adjustments to meet the CUAVA-2 specifications. The board outline and layout

have been adjusted following the specifications of the Pumpkin CubeSat circuit board. The

main capacitor charging circuit has been replaced with the AH05-P DC-DC power module

due to the voltage and power limit of the CUAVA-2. Interfaces have been changed to meet

the connectivity requirements of the CUAVA-2 payload computer. The program, connectivity,
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and communication of the EPM payload board has yet been tested when this thesis was being

composed, and the payload board is pending thermal and vibration test.

As part of the smart attitude control system, a micro air-fed magnetoplasmadynamic thruster

(µAF-MPDT) has been developed using air as the propellant and operates in pulse mode. The

thruster can generate 34.534 µNs impulse bit with a specific impulse of 2319 s. The average

pulse time is 5.5 ms under the 1.857 W average input power, consuming 4.178 J pulse energy.

The thrust to power ratio and overall efficiency is calculated to be 8.226 µN/W and 9.402%,

respectively. The µAF-MPDT utilizes air as propellant, making it a great actuator for small

satellites with air-collecting devices for air-breathing-related missions. The thruster head

features ultra-small form factor, which has only 8.9 mm in diameter and 8 mm in length. The

thruster head can be directly embedded into the satellite frame and structure to reduce system

size and complexity further.

A simple control algorithm has been developed for the smart attitude control system to

achieve ultra-high pointing accuracy using both EPM and µAF-MPDT. The simulations were

made with experimentally obtained system performance parameters, some assumed platform

parameters, and initial conditions. The simulation results show that when utilizing only the

EPM in "Bang-off-Bang" mode, the final angle will oscillate within ±0.04 ° error boundary.

The system oscillates around the target angle due to the strong control input and discrete

operation mode. With the thrusters enabled, the oscillation can be well suppressed with the

amplitude of 0.005 °.

Due to some constraints and limitations, the work conducted in this thesis may not cover

all aspects, and some design parameters used in the prototype are sub-optimal. There are

some recommended directions for future study to cover aspects not covered in this thesis and

further improve the current design. Firstly the optimized torque rod configurations in terms

of magnetization and power efficiency could be experimentally validated. To achieve this,

an improved manufacturing process shall be implemented to make multi-layer copper wire

windings. Secondly, the method of monitoring the magnetization status of the torque rod could

be improved by measuring the capacitor voltage during the pulse. Currently, the hall sensors

are used to measure the flux density of the torque rod to determine if the desired magnetization



7 CONCLUSION AND FUTURE WORK 173

level has been reached, which increases the chance of being faulty due to extra components.

A non-direct measurement method could reduce the use of extra components, increasing

the success rate and reducing the system complexity. Thirdly, the three-axis experiments

shall be conducted in future studies with a well-balanced ABT to test the system’s complete

performance. In addition, an improved control algorithm focusing on reducing the power

consumption and settling time could be developed in future studies. To achieve that, another

controller could be developed to control the magnetization of the torque rod in future studies

to replace the current inefficient "Bang-Bang" control algorithm.
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1 Appendix A: MATLAB Code for detumbling experiment

clearvars -except s

if (exist(’s’) == 0)

s = serialport("COM13",115200);

else

flush(s) ;

end

x=1;

if (x==1)

addpath(genpath(pwd))

fprintf( ’NatNet Polling Sample Start\n’ )

% create an instance of the natnet client class

fprintf( ’Creating natnet class object\n’ )

natnetclient = natnet;

https://doi.org/10.1088/1361-6595/ab4170
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natnetclient.HostIP = ’169.254.104.249’;

natnetclient.ClientIP = ’169.254.104.249’;

natnetclient.ConnectionType = ’Multicast’;

fprintf( ’Connecting to the server\n’ )

natnetclient.connect;

if ( natnetclient.IsConnected == 0 )

fprintf( ’Client failed to connect\n’ )

fprintf( ’\tMake sure the host is connected to ...

the network\n’ )

fprintf( ’\tand that the host and client IP addresses ...

are correct\n\n’ )

return

end

figure

fig = plot(0,0);

data = zeros(1e4,7) ;

t = [];

t_old = 0;

euler = [];

angle_tmp = zeros(100,1);

angle_mean= 0;

angle_old = 0;

angle = 0;

coolDown = 0;

err = 0;

polar = 0;

polar_old = 0;

stop = 0;

direction = 1;
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tic

i = 1;

j = 1;

fileID = fopen(’Detumble_X1000_6.txt’,’w’);

fprintf(fileID,’%s\n’,"Time,theta,polar");

motor = 0 ;

while(toc < 1000)

packet = natnetclient.getFrame;

t(i) = toc ;

data(i,1) = packet.RigidBodies(1).x;

data(i,2) = packet.RigidBodies(1).y;

data(i,3) = packet.RigidBodies(1).z;

data(i,4) = packet.RigidBodies(1).qx;

data(i,5) = packet.RigidBodies(1).qy;

data(i,6) = packet.RigidBodies(1).qz;

data(i,7) = packet.RigidBodies(1).qw;

euler(i,:) = quat2eul(data(i,4:7),’ZYX’) ;

set(fig,’XData’,t) ;

set(fig,’YData’,euler(:,3)*180/pi) ;

angle = euler(i,3)*180/pi;

drawnow ;

if ( ...

( ...

(angle<=-48 && angle>=-180)||(angle<=180...

&& angle>131) ...

)&& (coolDown == 0 && stop ~= 1))

if(direction ==1 && polar ~=1)

write(s,"S","Char");

coolDown = 1;

polar = 1;
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else

if(direction ==2 && polar ~=2)

write(s,"N","Char");

coolDown = 1;

polar = 2;

end

end

end

if ( ...

(angle<=131 && angle>-48) ...

&& (coolDown ==0 && stop ~=1))

if(direction ==2 && polar ~=1)

write(s,"S","Char");

coolDown = 1;

polar = 1;

else

if(direction ==1 && polar ~=2)

write(s,"N","Char");

coolDown = 1;

polar = 2;

end

end

end

polar_old = polar;

angle_tmp(j) = angle;

fprintf(fileID,’%.3f,%.3f,%u\n’,t(i),...

euler(i,3)*180/pi,polar);

j = j+1;

if (j>100)

angle_mean = mean(angle_tmp);
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err = angle_mean - angle_old;

if (err <=0.2 && err >= -0.2 && coolDown == 0 ...

&& polar ~=0)

write(s,"C","char");

coolDown =1;

stop = 1;

polar = 0;

end

if(err >0.2)

stop = 0;

direction = 2;

end

if (err <-0.2)

stop = 0;

direction = 1;

end

angle_old = angle_mean;

j=1;

end

if(t(i)-t_old>1)

coolDown = 0;

t_old = t(i);

end

i = i+1 ;

end

fclose(fileID);

end
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2 Appendix B: Design and validation of the sliding mode

controller for single axis attitude control using EPM

As the objective of this controller is to guarantee stability while performing the pointing

maneuver, the following error dynamic is defined to establish the control law [121].

e = θ − θd (.1)

where θd is the constant desired pointing angle and θ̇d = 0. We will use the following sliding

manifold to obtain the tracking performance within Σw and Σv, which represents the desired

boundary of e and ė, respectively, as illustrated in Fig. .1.

s =

ė+ Σv sin
π
2

e
Σw

, |e| ≤ Σw

ė+ Σvsign(e), |e| > Σw

(.2)

The time derivative is

ṡ =

ë+ π
2
Σv

Σw
cos π

2
e

Σw
ė, |e| ≤ Σw

ë, |e| > Σw

(.3)

Set the Lyapunov function as

V =
1

2
e2 +

1

2
Js2 (.4)

and its time derivative is

V̇ = eė+ Jsṡ (.5)

We can further analyze the system’s stability based on the current state, which can be divided

into two cases. Note that the disturbance in Eq. ((3.45)) is neglected afterward for the sake of

simplicity.

Case 1 - (|e| ≤ Σw)

To reflect the working mechanism of the novel magnetorquer (bang-off-bang), we choose the

following control law

M = −msign(s) (.6)
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e

FIGURE .1. Sliding manifold illustrated on the phase plane.

where m is the magnitude of the magnetic dipole moment of the magnetorquer. By substituting

the first derivatives obtained from Eq. (.2) and (.3), we can rewrite Eq. (.5) as

V̇ = e[s− Σv sin
π

2

e

Σw

] + Js[ë+
π

2

Σv

Σw

cos
π

2

e

Σw

ė] (.7)

and to keep the derivation simple, we define the following variables

Φ1 = Σv sin
π

2

e

Σw

Φ2 = J
π

2

Σv

Σw

cos
π

2

e

Σw

(.8)

and by substituting Eq. ((3.45)), ((.2)), and (.8) into Eq. ((.7)) yields

V̇ = e(s− Φ1) + s(τ + Φ2ė)

= −eΦ1 + s [τ + e+ Φ2(s− Φ1)]
(.9)

and substituting the torque with Eq. ((3.46)) and replace the control input with Eq. ((.6)) and

defining

Φ3 = mBcosθ (.10)

yields to

V̇ = −eΦ1 + s [−Φ3sign(s) + e+ Φ2(s− Φ1)]

= −eΦ1 − Φ3|s|+ s [e+ Φ2(s− Φ1)]
(.11)
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where

Φ12 = Φ1Φ2 = J
π

4

Σ2
v

Σw

sin
πe

Σw

(.12)

if we assume |θ| ≤ θmax < 90◦,

V̇ ≤ −(Φ3 − |e| − Φ2|s|+ Φ12)|s| (.13)

and implying

|e| ≤
√
2V , |s| ≤

√
2V

J
(.14)

the above condition becomes

V̇ ≤ −(Φ3 −
√
2V − Φ2

√
2V

J
+ Φ12)|s| (.15)

therefore by choosing Σw and Σv, which satisfies

m ≥ (
√
2V0 + Φ2max

√
2V0

J
+ Φ12max)/B cos θmax (.16)

Where V0 is the initial value of the Lyapunov function and the subscript max denotes the

maximum possible value. Thus, the system becomes stable and bounded.

Case 2 - (|e| > Σw)

Similar with Case 1, starting from Eq. (.5),

V̇ = e [s− Σvsign(e)] + Jsë

= e [s− Σvsign(e)] + sτ

= −Σv|e|+ s(τ + e)

= −Σv|e|+ s(−Φ3sign(s) + e)

= −Σv|e| − Φ3|s|+ es

(.17)

which then implies

V̇ ≤ −(Φ3 − |e|)|s| (.18)
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to be satisfied. With the condition above in Eq. (.14),

V̇ ≤ −(Φ3 −
√
2V )|s| (.19)

therefore as long as the condition below holds, we can assure the stable system will be

attracted to the sliding manifold.

m ≥
√
2V0

B cos θmax

(.20)

3 Appendix C: MATLAB Code for the single torque single

axis pointing experiment

qr=60*pi/180;

J=0.0614;

umax=50e-6;

q_max=80*pi/180;

u=0;

sig_w=20*pi/180;

sig_v=sqrt(sig_w*(4/pi)*(cos(q_max)/J)*umax);

clearvars -except s

if (exist(’s’) == 0)

s = serialport("COM13",115200); %% arduino uno

else

flush(s) ;

end

x = 1;

if (x==1)

addpath(genpath(pwd))
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fprintf( ’NatNet Polling Sample Start\n’ )

% create an instance of the natnet client class

fprintf( ’Creating natnet class object\n’ )

natnetclient = natnet;

natnetclient.HostIP = ’169.254.104.249’;

natnetclient.ClientIP = ’169.254.104.249’;

natnetclient.ConnectionType = ’Multicast’;

fprintf( ’Connecting to the server\n’ )

natnetclient.connect;

if ( natnetclient.IsConnected == 0 )

fprintf( ’Client failed to connect\n’ )

fprintf( ’\tMake sure the host is connected to the network\n’ )

fprintf( ’\tand that the host and client IP addresses ...

are correct\n\n’ )

return

end

figure

fig = plot(0,0) ;

data = zeros(1e4,7) ;

t = [];

t_old = 0;

euler = [];

tic

i = 1;

polar = 0;

q_tmp = zeros(10,2);
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q = 0;

fileID = fopen(’Dipole_New_S2000_8.txt’,’w’);

fprintf(fileID,’%s\n’,"Time,w");

j = 1;

while(toc < 600)

packet = natnetclient.getFrame;

t(i) = toc ;

data(i,1) = packet.RigidBodies(1).x;

data(i,2) = packet.RigidBodies(1).y;

data(i,3) = packet.RigidBodies(1).z;

data(i,4) = packet.RigidBodies(1).qx;

data(i,5) = packet.RigidBodies(1).qy;

data(i,6) = packet.RigidBodies(1).qz;

data(i,7) = packet.RigidBodies(1).qw;

euler(i,:) = quat2eul(data(i,4:7),’ZYX’) ;

set(fig,’XData’,t) ;

set(fig,’YData’,euler(:,3)*180/pi) ;

drawnow ;

%control part

q_tmp(j,1) = euler(i,3);

q_tmp(j,2) = t(i);

if (j>10)

q = mean(q_tmp);

qd = (q_tmp(10,1)-q_tmp(1,1))/(q_tmp(10,2)-...

q_tmp(1,2));

e=q-qr;

if abs(e)<=sig_w
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s=qd+sig_v*sin((pi/2)*(e/sig_w));

else

s=qd+sig_v*sign(e);

end

j=1;

end

if (t(i)-t_old>1)

if(sign(s)>=0 && polar ~=1)

write(s,"S","Char");

polar = 1;

end

if(sign(s)<0 && polar ~=2)

write(s,"N","Char");

polar = 2;

end

t_old = t(i);

end

fprintf(fileID,’%.3f,%.3f,%.3f,%u,%.3f,%.3f,\n’,t(i),...

euler(i,3)*180/pi,qd*180/pi,polar,e*180/pi,s);

i = i+1 ;

j = j+1;

end

fclose(fileID);

end

4 Appendix D: EPM for CUAVA-2 vibration test results
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FIGURE .2. Load response to vibration in X axis from 20 to 2000Hz before
and after 14.501 g RMV.

FIGURE .3. Load response to vibration in Y axis from 20 to 2000Hz before
and after 14.501 g RMV.
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FIGURE .4. Load response to vibration in Z axis from 20 to 2000Hz before
and after 14.501 g RMV
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