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ABSTRACT 

In this thesis, the application of fluid based actuators for satellite attitude control and thermal 

management is investigated. The actuator named Pumped Fluid Loop Actuator (PFLA) is 

examined to satisfy the need for integrated attitude and thermal management systems while  

considering strict mass and power budgets. A nonlinear voltage-driven control law is formulated 

and the feasibility of the PFLA for satellite attitude maneuvers is addressed. A high-fidelity 

PFLA model is developed. The power consumption of the PFLA is examined in the presence of 

sensor noise. Simulation results demonstrate its feasibility for attitude tracking capabilities of up 

to ± 0.01° with slew rates of up to 10 °/s. 

Next, the limitations of existing fluid dynamic actuators are overcome through the design of a 

novel Patent Pending Pumped Fluid Spherical Actuator (PFSA). The PFSA extends the 

capabilities of fluid dynamic actuators and allows for satellite attitude control about any arbitrary 

axis through spherical design, and introduces a fault-tolerant functionality that allows it to be 

used as a sensor in the event of rate-gyro failure of the attitude determination subsystem. The 

dynamic model of the PFSA is obtained through computational fluid-dynamics and finite-

element analysis using the grid-independent solution. The passive stabilization capabilities of the 
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PFSA are investigated. Simulation results show an order of three-fold reduction in settling time 

in comparison to existing fluid dynamic actuators.   

Lastly, a design modification is proposed for PFLA in order to examine its thermal management 

capabilities. A comprehensive investigation is carried out to perform thermal transport from 

onboard electronics through conduction and convection. Simulation results demonstrate the 

advantages of thermal transport while considering fluid rotation inside the PFLA as opposed to 

stationary fluid.   
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CHAPTER 1  

INTRODUCTION 

 

DVANCED space missions require effective control actuators to ensure accurate and 

rapid response to attitude maneuver commands while maintaining the system reliability in 

the presence of model uncertainties, subsystem failures, and external disturbances [1]. Ignoring 

the actuator dynamics can in practice result in performance degradation or loss of system 

stability [2]. Accurate attitude tracking requires both actuators that provide accurate torque 

outputs as well as robust control algorithm to uphold the agile system requirements. In this study, 

we aim to assess the feasibility of fluid dynamic actuators known for satellite attitude maneuvers. 

The study is initiated with a literature review of existing actuators used in practical satellite 

applications.   

1.1 Literature Review 

Two categories of actuators exist for satellite attitude control, passive and active. The former 

requires no power input to the system to operate and is used for stabilization while the latter 

requires a power source to produce control torques. For this research, both operational categories 

of actuators are considered as they provide a method to actively alter the attitude of a satellite as 

required for a particular mission and to passively stabilize its attitude in an environment where 

energy consumption is a critical factor. 

A 
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1.1.1 Reaction Wheels 

 

Figure 1.1: Blue Canyon Technologies Reaction Wheel Assembly [3] 

Reaction wheels (RW) are angular momentum exchange devices that are used in satellite to alter 

or maintain their attitude as required for a given mission. Reaction wheels can impose a zero-bias 

and bias angular velocity and are accelerated and decelerated to produce control torques to adjust 

or maintain the attitude of a satellite. The control torque generated by a RW is proportionally 

controlled by the power that is delivered to the motor shaft to which its wheel is permanently 

connected. Inherently, greater power delivered to the motor will result in the amplification of the 

torque and thus a greater angular momentum exchange with the satellite and vice versa.  

However, the maximum and minimum torque that can be generated by the wheel is directly 

limited by the capabilities of the motor.    

In a survey conducted by Votel [4] it was demonstrated that conventional RWs have momentum 

capabilities up to 100 Nm∙s; beyond that, they jeopardize the structural integrity of the unit and 

can lead to a mission’s failure. As such, they require considerable support structures that in turn 

add undesired mass to the system.  
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1.1.2 Control Moment Gyroscope 

 

Figure 1.2: Bright Fusion Limited Control Moment Gyro Assembly [5] 

The control moment gyro (CMG) is a special actuator configuration wherein an actuator is 

mounted on a gimbal that acts to direct the control torque vector of the CMG to provide 

maximum control torque about the desired axis. CMGs output large and precise torques for agile 

attitude maneuvers and thus have proven advantageous over traditional standard configurations 

[6]. However, the existence of a singularity with the CMG presents a limitation in producing 

control torque about all arbitrary axes. In the case where a singularity does occur, all torque 

directions lie on a two-dimensional plane in a three-dimension angular momentum space [7]. 

CMGs act as torque amplifiers, a property making them ideal as attitude actuators for large 

satellite and are categorized under three subcategories: 1) Single Gimbal CMG (SGCMG), 2) 

Double Gimbal CMG (DGCMG), and 3) Variable Speed Control Moment Gyros (VSCMG). 

The category of SGCMG has only a single degree of freedom (DOF) due to only a single angle 

being controlled by the gimbal. In DGCMG, the existence of two gimbals allows for multiple 

DOF with an almost spherical angular momentum envelope and thus can perform rapid attitude 

maneuvers with high efficiency [6]. However, both SGCMG and DGCMG generally operate at a 

constant angular velocity, and therefore the configuration only controls the torque vector and not 

the magnitude. To overcome this drawback, the VSCMG, as its name suggests allows for the 

variability in actuator angular velocity and an additional DOF that can be used to avoid the 

singularity problem [7]. However, the complexity of CMG design has limited their practical use 

in satellite missions. 
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1.1.3 Electromagnetic Actuators 

 

Figure 1.3: Vectronic Aerospace Magnetorquer VMT-35 Assembly [8] 

The simplest of electromagnetic actuators are magnetorquers. These are simple devices that 

operate through the winding of copper wire around a carbon rod to form an electromagnetic coil. 

An electrical current passing through the coil generates a magnetic field that interacts with the 

Earth’s magnetic field to stabilize a satellite. The necessity of a strong external magnetic field 

renders them unsuitable for deep space missions and limits their applications. Generally, 

magnetorquers are used for stabilization and momentum dumping from RWs in low earth orbits 

(LEO). 

 

Figure 1.4: Spherical Electromechanical Actuator Assembly [9] 

To extend the limits of control about any arbitrary axis and eliminate singularities, the 

advancements in gimbal technologies have led to investigations and developments in spherical 

actuators that use electromagnetic principles. In an attempt to expand on the works of multi-DOF 

actuators as first assessed by Williams et al. [10], extensive research has been carried out on 

spherical actuators based on variable-inductance [11, 12]. However, the complexity of the motor 
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structure makes them unsuitable for practical applications. Further advancements were suggested 

[13, 14] through the use of permanent magnets but the technology was not mechanically robust 

and provided low specific torque capabilities. 

To address the drawbacks of the preliminary systems, Wang et al. [15] developed a spherical 

permanent magnet actuator capable of 3-DOF and high specific torque. A complete set of 

equations governing the kinematic and dynamics of the model were developed along with an 

approach to achieve maximum torque. The feasibility and efficiency of the actuator was 

demonstrated through hardware-in-the-loop (HITL) simulations. 

Similarly, Yan et al. [9] fabricated and tested a 3-DOF spherical actuator with a full circle of 

permanent magnets and two layers of air-core coils. Their analysis suggested the advantage of 

singularity-free actuation due to the spherical configuration that was verified through the 

developed torque modeling. 

More recent studies in the field of actuator technologies as presented by Chen et al. [16] consider 

a spherical permanent magnet actuator with a stator consisting of 24 coils [9] and 8 permanent 

magnet poles. Their analyses through experiment and simulations concluded the effectiveness of 

spherical design with increased stability and reliability through optimization methods based on 

current redundancy. 

In a similar effort, a new type of spherical voice coil actuator was developed by Kim et al. [17] 

with one pair of coils having a circular profile, while the other pair exhibits a rectangular 

contour. The method of operation for this actuator is based on the Lorentz force, whereby the 

torque produced from each coil is directly proportional in driving current; this notion allows for 

simplicity in controlling the actuator. 

Further integration of electromagnetics can be seen from the principles of magnetofluid dynamic 

(MHD) pumping that offers a unique method of transporting fluid inside channels while 

eliminating the need for mechanically moving parts [18]. A paper written by Bushnell [19] from 

NASA discusses revolutionary technologies for the next ten years that will extend the frontiers of 

space technology. Among the various technologies covered, propulsion through MHD methods 
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is of high consideration due to the high specific impulse thrust available from said technology 

without having to haul fuel around the solar system. 

The underlying concept of MHD surpasses its functionality of measurement and control; wherein 

the absence of mechanical components enforces high-reliability, low manufacturing costs, and 

produces torques that are ripple-free [20]. MHD relies on the interaction between an electric field 

and an orthogonal magnetic field to create a Lorentz force responsible for the motion of a fluid 

infused with magnetic particles such as iron-Fe.  

In a study carried out by Jang and Lee [21] where they developed the first ever micropump based 

on MHD principles, they observed the generation of bubbles due to the electrolysis of the 

conducting fluid that directly affected the performance characteristics of the pump. It was 

determined that under a specified voltage of 45V, larger and fewer bubbles were generated than 

at the higher voltages. This phenomenon was a direct result of the selection of the conductive 

fluid, seawater, which produces hydrogen gas as a result of the chemical reaction through 

electrolysis; similar results were obtained in the works of [22]. In an attempt to eradicate the 

effects of electrolysis Lemoff and Lee [23] suggested the use of AC current along with an 

alternating magnetic field, in contrast to [21] where DC was used. This presented a solution for 

the formation of bubbles however it resulted in a reduction in pump performance due to the 

limited current amplitude and weak alternating magnetic field.  

To eradicate the effects of electrolysis, Karmozdi et al. [24] developed a novel micropump that 

offered an improvement of 153% over leading MHD micropumps at the time of their research. 

Their design used the generated Lorentz force to move the electroconductive liquid, mercury, 

through the fluid channels; eliminating the effects of electrolysis as the generated heat from the 

current did not evaporate the working fluid. Results obtained therein are in agreement with those 

of Moghadam and Shafii [25] whereby the elimination of electrolysis is evident through the use 

of mercury as the working fluid.  

An assessment carried out by Rabinovich and Grishin [26] on the Auroral Probe of the 

INTERBALL Project demonstrated the effectiveness of MHD elements, in combination with 

accelerometers, in stabilizing the rotation of a satellite with flexible appendages without reducing 
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its angular velocity. However, the technology required to efficiently produce high torque using 

MHD methods for satellite attitude control does not currently exist. MHD requires high voltage 

and high current in order to produce an effective control force. In space applications, this would 

result in high power consumption for MHD actuators and would be unfeasible for practical space 

missions. Furthermore, in order to produce a high Lorentz force, the anode and cathode in the 

MHD pump need to be a highly conductive material such as copper, and due to the nature of 

MHD, the anode and cathode corrode rapidly with increasing current. This factor would limit the 

useable lifetime of the MHD and jeopardize the space mission. Nonetheless, it is evident that the 

use of fluid as a momentum transfer medium is capturing the attention of modern research.  

1.1.4 Pumped Fluid Loop Actuators 

 

Figure 1.5: Pumped Fluid Loop Actuator Assembly [27] 

Research in the use of fluid dynamic principles for satellite attitude control has been further 

examined in the literature through the use of a DC pump as opposed to MHD forces for their 

practicality and requirement of lesser power input. The method of fluid transport through pipes 

onboard the satellites to control its attitude have been presented through the use of a pumped 

fluid loop actuator (PFLA). 

In an attempt to reduce propellant mass, the use of fluid based dampers to stabilize a rotating 

module aboard a satellite was investigated by Gasbarri and Teofilatto [28]. They analyzed the 

dynamics and effectiveness of two fluid dampers fully filled with viscous fluid, one positioned 

on the pitch plane and the other on the roll plane. Through angular momentum exchange between 

the satellite and the fluid encased inside the pipes, they observed dissipation of angular 
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momentum from the rotating arms to the satellite. Their results validated the application of fluid 

dampers as a means for passively dissipating energy.  

Further expanding into the notion of fluid based systems as attitude control devices, Kumar [29] 

proposed the application of three PFLA for addressing the three-dimensional attitude 

stabilization problem. His method comprised of three independent loops attached to a satellite in 

a standard 3 orthogonal configuration wherein each loop is positioned with its torque vector 

acting along each of pitch, roll, and yaw axes. Numerical simulation of the actuators validated 

the feasibility of such a system in both passive and active states for achieving attitude 

stabilization in the presence of environmental disturbances. It was further determined that by 

using nonlinear control algorithms, the effects of environmental disturbances can be stabilized 

using the PFLA while leaving the satellite attitude response unaffected. However, the active 

simulations did not account for actuator dynamics.  

A study based on the foundations laid by Kumar [29] was carried out by Nobari and Misra [30], 

[31] whereby four PFLA were positioned based on the standard square pyramid configuration, to 

add redundancy to the control system, and an assessment was conducted to observe their 

performance for passive satellite attitude stabilization. Their analysis confirmed that by using the 

PFLA as passive dampers, all attitude disturbances were dissipated when the satellite was in 

circular orbit and only roll-yaw disturbances were alleviated for elliptical orbits. Due to the 

passive nature of the PFLA dampers, the stabilization process was slow and took over 30 Earth 

orbits as the damping torque was not large enough to provide stabilization in a short time. 

Furthermore, the passive use of the actuators did not allow for asymptotic stabilization of the 

satellite pitch angle for an elliptical orbit. In an attempt to reduce the stabilization settling time of 

the satellite, they introduced an active system using PID control. The results suggested a 

significant reduction in settling time to approximately 600s. However, once again the actuator 

dynamics were not examined for the active case. 

In further expanding their works, Nobari and Misra [32] proposed a novel hybrid attitude control 

scheme for satellite attitude stabilization. They proposed the use of two magnetorquers in 

conjunction with one active PFLA to provide multi-axial active stabilization. An active attitude 

control system using the PFLA was examined and the settling time was reduced by a magnitude 
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of approximately 10 from their initial passive study. They also considered the case of actuator 

faults wherein a failure of the magnetorquer occurred. Their results indicated that the failure of 

the magnetorquer providing control torques along the pitch axis is the most critical as the 

dynamic coupling that exists between the pitch axis and the roll or yaw axis is quite weak. In 

contrast, a failure in the roll axis coil would not be detrimental as the yaw axis symmetry could 

account for stabilization in the roll axis. Nevertheless, they determined that their hybrid actuator 

arrangement was capable of using the PFLA for attitude stabilization even under actuator failure 

of the magnetorquer but at the cost of high pump pressure and high magnetic dipole moment; 

once again the dynamics of the PFLA were not considered in the research. 

Similarly, Xiao-wei et al. [33] have examined the use of mechanically pumped fluid loops for 

attitude control. Through the use of a proportional-derivative (PD) control algorithm, they 

facilitated multi-axial stability through numerical simulation without actuator modeling. They 

examined both open and closed loop solutions to prove the effectiveness and feasibility of fluid 

loop applications to which they concluded offer performance improvements and volume/mass 

reductions making them ideal for micro and nanosatellite technologies.  

The PFLA actuators considered in this study use a brushless DC micropump to transport fluid 

across a channel. The channels are typically circular tubes that are positioned to provide a torque 

along the required axis to be controlled. In line with reaction wheel technology, PFLAs use the 

angular momentum exchange between the fluid-filled tubes and the satellite body to produce 

control torques. The performance enhancements gained from using fluid to stabilize satellite can 

be recognized through the research and advancements in fluid-loop technologies [29, 32-34]. The 

method of PFLA actuation requires the use of a mechanical pump that is susceptible to 

degradation and produces high-frequency noise and jitters affecting peripheral electronics due to 

the motion of the motor; similar to the noise disturbance caused by RW motors [35]. In 

comparison to traditional RWs, PFLAs offer large damping torques, lightweight, and low cost 

and can be varied according to mission requirements; a large PFLA with low fluid angular 

velocity and low viscosity results in an energy efficient system with minimal vibration effects on 

the satellite structure [29]. 
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1.2 Ryerson University Small Satellite Program 

Small satellite designs have revolutionized space engineering techniques to complement the 

interest of research and development in both academia and industry. With high consideration on 

production costs with the advancement of micro-technology, small specialized satellites are 

becoming cheaper to produce however with limitations placed on their missions [36]. While 

anticipating further advances in miniaturization, the Space Systems Dynamics, and Control 

SSDC) laboratory at Ryerson University, under the supervision of Dr. K.D. Kumar, focusses 

primarily on the design and development of small satellite control systems. The overall objective 

is to advance research on small satellite design. 

The RyeSat program includes the design and development of miniature satellites: (1) 500 gm 

tube satellite (TubeSat), (2) 1 kg pico-sized satellite (PicoSat), (3) 10 kg nano-sized satellite 

(NanoSat), and (4) 100 gm femto-sized satellite (FemSat). This research is aimed at the NanoSat-

class. The result of this task introduces applications and missions for small satellite to expand 

into divisions of space exploration and other sectors not currently being addressed due to the 

limitations in small satellite performance capabilities. The research entailed herein aims to 

provide Nano satellite satellites with increased attitude control capabilities through the use of 

fluid dynamic principles. The applications of fluid dynamics bring several advantages not 

available with other actuator devices. 

To this end, the problems that exist for modern actuators to control Nano satellite in deep space 

missions are addressed subsequently and are the objectives of this research.  

1.3 Problem Statement 

Modern space missions require precise satellite attitude control capabilities at low cost. The 

problem of fault-tolerant attitude control in alleviating disturbances such as actuator saturation or 

sensor noise to date has been exhaustively examined from the perspective of the control 

algorithm, and no attempt has been recognized to address this issue from the actuator 

perspective. The lack of innovation and advancement in satellite actuator technologies has not 
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addressed the capability of hardware for becoming fault-tolerant itself. Complex control 

algorithms are derived and are not always applicable to practical systems.  

While actuator devices in use today can provide agile slew maneuver performances, they require 

complex precision machining and supplementary subsystems to ensure their reliability during the 

mission which in turn adds significant costs. Small satellites are the modern day research and 

observation tool and require attitude control systems with greater capabilities. Many significant 

challenges must be overcome before agile satellite maneuvering is available at low costs. The 

problem statements for this dissertation can be classified as: 

[PROB1] Attitude control in the presence of actuator saturation: The application of 

theoretical control algorithms does not consider the limitations of hardware in the form of 

actuator saturation from the point of view of the hardware. This results in simulations that do not 

account for the real performance of the actuator systems. Furthermore, the necessity of power-

optimal and precise ACSs requires precision-crafted reaction wheels or control moment gyro 

configurations that consume a large volume in the satellite and are not applicable for small 

satellite missions due to their high manufacturing costs. Small satellite missions settle for ACSs 

that provide larger attitude errors as a trade-off for cost, therefore limiting applications for small 

satellites.   

[PROB2] Enhancing actuator performance for attitude control using novel design: 

Actuators have limitations due to their physical geometries and the boundaries of their 

supplementary hardware such as gimbals. A novel actuator design is required for attitude control 

about any arbitrary rotation axis.  

[PROB3] Fault-tolerant actuator design: Fault-tolerant control is examined through the 

development of nonlinear control algorithms that do not consider the actual hardware 

capabilities; ACSs failures have been addressed from the viewpoint of the control law; however 

fault-tolerant functionality has not been examined from the actuator design perspective. Closed-

loop control algorithms require feedback in the form of sensory signals for determining the 

attitude, position, and angular rates of the satellite. If failure of the onboard rate gyro or 
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accelerometer occurs, the lack of feedback can lead to instability of the satellite and loss of 

attitude determination. 

[PROB4] Integrated attitude control and thermal management: Heat dissipation from 

onboard electronics and attitude control devices require an additional thermal management 

subsystem to ensure operational temperatures are maintained. Thermal management systems take 

up additional real estate in limited-space satellite enclosures and add additional weight, cost, and 

complexity. Combined attitude and thermal management systems have been proposed in the 

literature using fluid. However, results to indicate the effectiveness of the proposed system have 

not been produced.  

1.4 Research Objectives  

In response to the problem statement above, this dissertation focusses on the design and practical 

simulation of a satellite equipped with PFLA that overcomes the complexities and costs 

associated with traditional attitude control devices as examined in Section 1.1 while providing 

added benefits to small and large satellites. 

From a practical perspective, the goal is to design an ACS that can achieve high pointing 

accuracy, agile slew rates, and perform large angle attitude maneuvers in the presence of model 

uncertainties, disturbances, and actuator faults. This dissertation examines the aforementioned 

primarily from the perspective of the hardware as opposed to the control algorithm as is 

traditionally examined in the literature. 

[OBJ1] Attitude maneuver: Develop and apply a nonlinear voltage-driven control law to 

regulate the PFLA for performing attitude tracking maneuvers while subject to sensor noise, and 

optimize power consumption through actuator configurations.   

[OBJ2] Novel actuator for attitude control: Design and develop a new form of actuator 

based on spherical design that eliminates restrictions with existing hardware and allows for 

active and passive stabilization about any arbitrary axis without singularities while reducing 

costs associated with traditional manufacturing methods.  
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[OBJ3] Integrated actuator and sensor for attitude control: Examine the ability to use a 

fluid dynamic actuator as a rate sensor for attitude determination in the event of rate gyro sensor 

failure. 

[OBJ4] Satellite thermal management: Develop the PFLA as a combined attitude and 

thermal management system that can be used to transport thermal energy from onboard 

subsystems to the external space environment in order to maintain operating temperatures. 

The development of advanced sensor technology and the desire for complex small satellite space 

mission requirements has increased the demand for high-performance attitude control devices at 

low cost. The lack of innovation in modern actuator hardware has limited the application of 

small satellites while there are numerous control algorithms proposed in the literature. Yet, 

control techniques derived in the literature do not consider digital signals such as voltage and 

pulse-width modulation (PWM), nor do they examine the physical capabilities of hardware 

during actuator saturation. 

Researchers have often sought fault-tolerant control techniques to overcome actuator and/or 

sensor failures and have overlooked the performance capabilities of the hardware itself. 

Therefore, it is important to propose attitude control techniques from the perspective of the 

hardware in the presence of actuator and/or sensor failures.  

The objective of this study is to show the performance enhancements gained from using fluid-

based actuators for satellite attitude control so that future space missions can harness the benefits 

provided from fluid dynamic actuation.  

1.5 Main Contributions 

This dissertation presents an innovative control scheme for using fluid dynamic actuators for 

satellite attitude control. The study proposes the use of such a device for the ACS, from the 

hardware perspective, while considering actuator faults and peripheral attitude determination 

subsystem failures. Specifically, the following contributions are identified and expanded on 

based on objectives stated in Section 1.4. 
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1. Attitude Stabilization with voltage law for PFLA actuator model (OBJ1 - CHAPTER 3)  

A high-fidelity PFLA model is proposed that examines the viability of the actuator for 

attitude stabilization while considering the effects of sensor noise. A nonlinear voltage-

driven control law is developed and the model is implemented into the control algorithm. 

The power consumption of the PFLA is also investigated for different actuator 

configurations.  

2. Attitude tracking maneuver using PFLA (OBJ1 - CHAPTER 3) 

The PFLA is examined for agile satellite attitude tracking maneuvers using a voltage-

driven control law and a power-optimal configuration. The technique presented in this 

dissertation is the first to consider the attitude maneuver problem using the PFLA while 

implementing a high –fidelity actuator model.  

3. Novel attitude control actuator (OBJ2 - CHAPTER 4) 

The limitations of passive attitude stabilization have been recognized in the literature, and 

recent advancements in servo technologies have enabled research in spherical actuators 

for providing active attitude stabilization about infinite planes. A novel pumped fluid 

spherical actuator (PFSA) is presented herein, for the first time in the literature, which 

combines the advantages recognized from the PFLA and applies it to spherical design. 

The novel design allows for both active and passive attitude control while exhibiting all 

the advantages of the PFLA system.  

4. Attitude control in the absence of rate gyro information (OBJ3 - CHAPTER 4)  

Examination of methods for determining attitude position from peripheral subsystems in 

the event of the failure of the attitude determination subsystem has become of increasing 

interest to researchers. Based on the attractive applications of the PFSA, and do to its 

unique performance capabilities, a method is proposed herein to use the PFSA as a rate 

gyro sensor in order to stabilize a satellite in the event of sensor failure.   

5. Integrated attitude and thermal management system (OBJ4 - CHAPTER 5) 

The thermal management capability of the PFLA is extensively explored as a means of 

heat transport from peripheral electronics to maintain their operating temperatures 

without the need for large evaporator and condenser coils through fluid heat-pipe 

technologies. The method of using the PFLA as a combined thermal management and 
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attitude control system increases the mission capabilities for small satellite and can be 

extended to large satellite in order to eliminate the complexity of existing thermal 

management subsystems while simultaneously providing attitude control. 

The approach for attitude control has changed very little since the launch of Sputnik I in 1957. 

However, with the cost associated with launching satellite into space, the modern era is diluted 

with small satellites due to their minimal space onboard launch craft. Needless to say, their small 

size limits their performance capability as their internal volume is allocated between payload and 

necessary subsystems for operation. By enabling further performance capabilities for small 

satellites while minimizing the volume occupied by vital subsystems would allow research to be 

carried out on innovative missions that require more complex payloads and attitude control. The 

research carried out in this dissertation is not limited to small satellites but rather allows for the 

advancement of small satellite missions that would otherwise be more difficult or impossible to 

attain without the PFLA/PFSA.  

1.6 Thesis Outline 

This thesis is structured as follows: 

In CHAPTER 2, the mathematical models governing the PFLA actuator are presented, followed 

by the satellite attitude and kinematics equations that govern the rigid-body rotation of a satellite 

in space. The dynamic models are used in CHAPTER 3 with a developed nonlinear voltage-

driven control algorithm that controls a practical voltage signal as opposed to a control torque. 

The problems associated with traditional control methods in regards to saturation are presented 

therein, and a model is proposed that alleviates impractical simulation results obtained when 

using theoretical control algorithms and attempts to address a disconnect that exists between 

theory and practice. The proposed model is then applied to the PFLA to examine the active 

attitude maneuver capability of the system that has not been addressed in the literature. The 

optimal power configuration is determined for the PFLA, and a power assessment is also 

presented. Furthermore, the fault-tolerant control of a satellite is examined from the perspective 

of the physical configuration of the actuators when a satellite is subject to extreme levels of 

sensor noise. 
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In the literature, one assumption is made when analyzing the PFLA for passive attitude 

stabilization. CHAPTER 4 introduces a novel pumped fluid spherical actuator (PFSA) that 

alleviates the necessity for assumptions of the PFLA and provides elevated performance for both 

active and passive attitude control that is not available in the literature. The proposed actuator is 

Patent Pending, and extensive simulation results have been presented herein to show the 

performance enhancements gained with the PFSA. Furthermore, to expand on the passive 

capabilities of PFSA, the actuator is introduced as a replacement for rate gyro sensors in the 

event of sensor failure. 

In CHAPTER 5, the unresolved thermal management capability of the PFLA is thoroughly 

examined, and the thermal analysis results are presented as a basis for the thermal management 

capability of the PFLA and PFSA. 

Lastly, the conclusions and future works of this study are presented in CHAPTER 6.  
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CHAPTER 2  

ACTUATOR MODEL AND SATELLITE DYNAMICS 

 

PACE missions require effective attitude control systems (ACS) to ensure system reliability 

in the presence of model uncertainties, subsystem failures, and external disturbance. 

Precision attitude tracking requires robust control algorithm as well as actuators that provide 

accurate torque outputs that uphold the agile system requirements. In this study, we aim to 

address the satellite attitude control problem using a novel active fluid dynamic actuator 

otherwise known as the PFLA to provide agile maneuverability with minimal power 

consumption. Furthermore, the principals of fluid mechanics are applied in order to illustrate the 

fluid dynamics of the proposed actuator appropriately.  

This chapter is organized as follows: In Section 2.1 the fluid dynamic actuator models and fluid 

theory are formulated with detailed motor dynamics, and the high-fidelity simulation model is 

introduced.  In Section 2.2, the actuator configurations considered in this study are presented. 

Lastly, the fundamental dynamic and kinematic Euler equations of motion for a rigid body in a 

circular low Earth orbit (LEO) are presented in Section 2.3, followed by concluding remarks in 

Section 2.5. 

2.1 Actuator Model 

Herein the actuator dynamic model is developed in order to simulate the effects of the PFLA on 

the response of the satellite by providing an applied torque to control attitude. For the PFLA 

system, a brushless DC motor is used to drive the impeller inside a centrifugal pump which then 

regulates the fluid flow inside the loops. The torque generated by the fluid flow, in turn, drives 

the satellite attitude. This section formulates the equations governing the dynamics of the pump 

motor and the fluid dynamics. 

S 
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2.1.1 PFLA/PFSA Motor Model 

In order to investigate the performance of the proposed fluid dynamic actuator and examine its 

potential, the motor dynamics are presented. The dynamics of the DC-motor is represented by 

 𝐽𝑚𝜔̇𝑖𝑚𝑝 + 𝑏𝜔𝑖𝑚𝑝 = 𝜏𝑚 (2.1) 

where 𝐽𝑚 is the impeller moment of inertia, 𝑏 is the motor viscous constant, 𝜔𝑖𝑚𝑝 is the impeller 

angular velocity, and 𝜏𝑚 is the torque generated by the DC-motor that is directly proportional to 

the armature current, 𝑖𝑎, passing through the motor as described by Bialke [37] 

 𝜏𝑚 = 𝐾𝑡𝑖𝑎 (2.2) 

where 𝐾𝑡 is the motor torque constant with units of V/rad/s. 

The electrodynamic equation for the armature voltage of the DC-motor is governed by 

 
𝑣𝑎 = 𝐿𝑎

𝑑𝑖𝑎
𝑑𝑡

+ 𝑅𝑎𝑖𝑎 + 𝑒𝑏 (2.3) 

where 𝐿𝑎 is the armature inductance, 𝑅𝑎 is the armature resistance, and 𝑣𝑎 is the applied 

armature voltage. For a constant flux as determined by the current flow through the stator 

windings, the voltage in the armature (back-EMF) 𝑒𝑏 is directly proportional to the angular 

velocity of the motor shaft. Based on Faraday’s Law of induction, the interaction between the 

magnetic field and the wound electrical coils inside the motor produces an electromotive force 

(EMF) that can be described by 

 𝑒𝑏 = 𝐾𝑏𝜔𝑖𝑚𝑝 (2.4) 

where 𝐾𝑏 is the back-EMF constant. This actuator motor model is distributed for the PFLA 

according the configurations in Section 2.2.   

2.1.2 Fluid Dynamics Model 

The torque generated by the brushless-DC motor transfers its energy to the fluid inside the loops 

of the PFLA. The motion of the fluid is governed by the established Navier-Stokes Equations 

(NSE) wherein the fluid is characterized by particular viscous stress terms. The NSE is a second-
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order nonlinear differential equation that defines the fluid momentum for viscous flow and can 

be expressed as: 

 
𝜌𝑔 − 𝛻𝑝 + 𝛻 ∙ 𝜎𝑖𝑗 = 𝜌

𝑑𝑉

𝑑𝑡
 (2.5) 

where 𝜎𝑖𝑗 = [

𝜎𝑥𝑥 𝜎𝑦𝑥 𝜎𝑧𝑥

𝜎𝑥𝑦 𝜎𝑦𝑦 𝜎𝑧𝑦

𝜎𝑥𝑧 𝜎𝑦𝑧 𝜎𝑧𝑧

] is the viscous stress tensor (shear stress) acting on any given 

infinitesimally small fluid element, 𝜌 is the fluid density, 𝑝 is the fluid pressure, 𝑉 is the fluid 

velocity, and the gradient ∇=
𝜕( )

𝜕𝑥
+

𝜕( )

𝜕𝑦
+

𝜕( )

𝜕𝑧
.     

In other words, the NSE is the gravitational force per unit volume + pressure force per unit 

volume + viscous force per unit volume = density × acceleration. The NSE can be regarded as 

an application of Newton’s second law 𝐹 = 𝑚𝑎 wherein force is the product of an object’s mass 

times is acceleration. Eq. (2.5) can be expanded and written in componential form as: 

 
𝜌𝑔𝑥 −

𝜕𝑝

𝜕𝑥
+

𝜕𝜎𝑥𝑥

𝜕𝑥
+

𝜕𝜎𝑦𝑥

𝜕𝑦
+

𝜕𝜎𝑧𝑥

𝜕𝑧
= 𝜌 (

𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
+ 𝑤

𝜕𝑢

𝜕𝑧
) 

𝜌𝑔𝑦 −
𝜕𝑝

𝜕𝑦
+

𝜕𝜎𝑥𝑦

𝜕𝑥
+

𝜕𝜎𝑦𝑦

𝜕𝑦
+

𝜕𝜎𝑧𝑦

𝜕𝑧
= 𝜌 (

𝜕𝑣

𝜕𝑡
+ 𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
+ 𝑤

𝜕𝑣

𝜕𝑧
) 

𝜌𝑔𝑧 −
𝜕𝑝

𝜕𝑧
+

𝜕𝜎𝑥𝑧

𝜕𝑥
+

𝜕𝜎𝑦𝑧

𝜕𝑦
+

𝜕𝜎𝑧𝑧

𝜕𝑧
= 𝜌 (

𝜕𝑤

𝜕𝑡
+ 𝑢

𝜕𝑤

𝜕𝑥
+ 𝑣

𝜕𝑤

𝜕𝑦
+ 𝑤

𝜕𝑤

𝜕𝑧
) 

(2.6) 

where 𝑝 is the pressure. For incompressible Newtonian flow, as in the case of the fluid medium 

used in the PFLA the viscous stress are proportional to the element strain rates and the 

coefficient of viscosity 𝜇. For Newtonian fluids 𝜇 is a thermodynamic property that varies with 

temperature and pressure; in general the viscosity of a fluid increases minutely with pressure and 

decreases with increasing temperature. The applied shear stress is also proportional to the 

velocity gradient and its generalization to three-dimensional viscous flow is governed by 

 
𝜎𝑥𝑥 = 2𝜇

𝜕𝑢

𝜕𝑥
     𝜎𝑦𝑦 = 2𝜇

𝜕𝑣

𝜕𝑦
     𝜎𝑧𝑧 = 2𝜇

𝜕𝑤

𝜕𝑧
      

𝜎𝑥𝑦 = 𝜎𝑦𝑥 = 𝜇 (
𝜕𝑢

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
)     𝜎𝑥𝑧 = 𝜎𝑧𝑥 = 𝜇 (

𝜕𝑤

𝜕𝑥
+

𝜕𝑢

𝜕𝑧
) 

𝜎𝑦𝑧 = 𝜎𝑧𝑦 = 𝜇 (
𝜕𝑣

𝜕𝑧
+

𝜕𝑤

𝜕𝑦
) 

(2.7) 
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Since the fluid in the loops exhibit the nature of incompressible Newtonian fluid, the density and 

viscosity changes are considered negligible such that 
𝜕𝜌

𝜕𝑡
≈ 0. This assumption results in the 

simplification of the mass continuity equation ∇ ∙ 𝑉𝑓𝑙 = 0. Substituting Eq. (2.7) into Eq. (2.6) 

and considering the characteristics of incompressible Newtonian fluid provides a more simple 

fluid momentum equation expressed by 

 
𝜌𝑔𝑥 −

𝜕𝑝

𝜕𝑥
+ 𝜇 (

𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦2
+

𝜕2𝑢

𝜕𝑧2
) = 𝜌

𝑑𝑢

𝑑𝑡
 

𝜌𝑔𝑦 −
𝜕𝑝

𝜕𝑦
+ 𝜇 (

𝜕2𝑣

𝜕𝑥2
+

𝜕2𝑣

𝜕𝑦2
+

𝜕2𝑣

𝜕𝑧2
) = 𝜌

𝑑𝑣

𝑑𝑡
 

𝜌𝑔𝑧 −
𝜕𝑝

𝜕𝑧
+ 𝜇 (

𝜕2𝑤

𝜕𝑥2
+

𝜕2𝑤

𝜕𝑦2
+

𝜕2𝑤

𝜕𝑧2
) = 𝜌

𝑑𝑤

𝑑𝑡
 

(2.8) 

In compact form Eq. (2.8) can be reduced to 

 
𝜌𝑔 − 𝛻𝑝 + 𝜇𝛻2𝑉𝑓𝑙 = 𝜌

𝜕𝑉

𝜕𝑡
 (2.9) 

The fluid motion inside the loops of the PFLA is modeled using computational fluid dynamics 

that solves the control volume using the NSE presented in Eq. (2.9). 

In order for the PFLA to produce an applied torque on the satellite, the fluid dynamic actuator 

houses a centrifugal pump that regulates the fluid within the loop. The use of a centrifugal pump 

is ideal for driving the fluid as the loops are fully sealed. As the flow enters the pump casing 

through its inlet, fluid particles within the pump are expelled from the tips of the impeller blades 

at high velocities into the volume between the casing wall and the blade tips. The fluid particles 

collide with the inner casing of the pump and are decelerated thereby lowering the kinetic energy 

of the fluid and inversely increasing the pressure energy of the pump. Unlike friction that wastes 

energy, the decrease in kinetic energy consequently increases the pressure energy of the flow. In 

the preservation of the conservation of energy, prior to the flow exiting the pump, the fluid 

particles slow down to match the velocity at the inlet, given that the inlet and exit pipe diameter 

remains unchanged. As the fluid enters the loops, the fluid velocity relative to the wall is zero. 

This is a characteristic for all viscous fluid flows and is referred to as the no-slip condition. 
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Generally, Bernoulli’s equation can be used to estimate the fluid velocity through the pump’s 

channel and is governed by 

 𝑝𝑖𝑛 = 𝑝𝑜𝑢𝑡 + ∆𝑝𝑙𝑜𝑠𝑠 − 𝑛∆𝑝𝑝𝑢𝑚𝑝 (2.10) 

where for a closed system, the pressure loss is ∆𝑝𝑙𝑜𝑠𝑠 = 𝑛∆𝑝𝑝𝑢𝑚𝑝 where 𝑛 is the number of 

active pumps. The pressure loss due to the fluid frictional effects between the fluid and channel 

walls can be estimated using the following formulation 

 
∆𝑝𝑙𝑜𝑠𝑠 = 𝑓 (

𝑙

𝐷
) (

𝜌

2
)𝑉𝑓𝑙

2  (2.11) 

where 𝐷 is the hydraulic diameter of the channel defined through 𝐷 = 2𝑤ℎ/(𝑤 + ℎ), 𝑉𝑓𝑙 is the 

fluid velocity, where 𝑤 and ℎ are the width and height of the cross-sectional area, respectively, 

and  𝑙 is the channel length. The viscous behaviour of the Newtonian fluid inside the loops of the 

PFLA can be characterized by the dimensionless Reynolds number 𝑅𝑒 =
𝜌𝑉𝑓𝑙𝐷

𝜇
  is the 

dimensionless Reynolds number defining the flow characteristics (laminar, transient, and 

turbulent) where 𝐷 is the cross-sectional diameter of the loop and the same as the hydraulic 

diameter.  In order for the PFLA to provide effective torque the fluid inside the loops must 

exhibit laminar properties (𝑅𝑒 ≤ 2100) wherein the critical Reynolds number is governed by  

 

𝑅𝑒𝑐𝑟𝑖𝑡 = 16.5√
𝑅

𝐷
 (2.12) 

where 𝑅/𝐷 ≥ 10−3 and 𝑅 is the loop radius. 

To determine the fluid velocity, rotating within the loops, as produced by the pump the 

theoretical foundation (Pump theory) of energy conservation in a centrifugal pump is examined. 

When a pump operates, the shaft accumulates energy in the form of mechanical energy. At the 

impeller, this energy is converted to internal (static pressure) and kinetic energy (velocity). The 

net torque experienced by the satellite is equal to and opposite in direction to the torque 

generated by the fluid rotation inside the loops. By using velocity triangles for the flow at the 

impeller inlet and outlet, the necessary pump equations are obtained. 
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2.1.3 Fluid-Impeller Interaction Model 

To help simplify the mathematical model of the fluid dynamic system, the following five 

assumptions have been made:  

i. The flow entering the pump has no inlet rotation. The lack of inlet rotation is a valid 

assumption as the impeller comprises radial vanes and the flow enters through a straight 

tube into rotation boundary inside the pump; this indicates the blade outlet angle is 90°, 

suggesting that the fluid is not rotating prior to entering the impeller.  

ii. No slip occurs at the impeller blade. Slip is a condition that arises when the flow angle is 

smaller than the blade angle. Due to the miniature nature of the impeller, the connection 

between the flow angle and blade angle is neglected suggesting that the flow does indeed 

follow the blade. This assumption is one that is made in the derivation of the fundamental 

Euler’s pump equation [38].  

iii. The fluid velocity remains unchanged across the inlet to the outlet of the impeller. 

Typically, as the fluid passes across the impeller vanes, its velocity increases from the 

impeller inlet to its tip (outlet) due to the addition of energy to the fluid. However, since 

the radial impeller is quite small with vanes of length < 10 mm, the fluid velocity 

increase from the hub to the tip of the impeller is considered negligible.  

iv. Flow friction inside the impeller housing due to surface roughness is neglected. Flow 

friction occurs where the fluid is in contact with the impeller and interior surface of the 

impeller housing. The magnitude of the friction loss depends on the roughness of the 

interior surface and the fluid velocity relative to the surface. For this study, the housing of 

the impeller is polished aluminum, and thus the flow friction with regards to surface 

roughness is negligible.  

v. The fluid dynamic loops are fully filled with fluid. This assumption ensures that no 

sloshing of the fluid affects the performance of the pumps and also, no sloshing motion 

will affect the moment of inertia of the satellite. 
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Figure 2.1: Pump Inlet Velocity Triangle  

 

For a radial impeller with velocity triangle depicted in Figure 2.1, the pump inlet area can be 

calculated by 

 
𝐴𝑖𝑛 = 2𝜋𝑟𝑖𝑛𝑏𝑖𝑛 (2.13) 

where 𝑟𝑖𝑛 is the radial position of the impeller’s inlet edge and 𝑏𝑖𝑛 is the blade’s height at the 

inlet. The angular fluid flow rate entering the loops is thus expressed as 

 𝜔𝑓𝑙 =
𝑄𝑖𝑚𝑝

𝐴𝑓𝑙𝑟𝑓𝑙
 (2.14) 

where 𝑄𝑖𝑚𝑝 is the volumetric flow rate entering the impeller governed by 

 𝑄𝑖𝑚𝑝 = 𝑉𝑚𝐴𝑖𝑛 (2.15) 

and the meridional velocity 𝑉𝑚 is equivalent to the absolute fluid velocity 𝑉𝑎𝑏𝑠 when considering 

no inlet rotation, i.e. 𝑉𝑚 = 𝑉𝑎𝑏𝑠. Then, the fluid angular velocity inside the fluid dynamic 

actuator can be related to the discharge flow rate by defining the absolute fluid velocity 𝑉𝑎𝑏𝑠 as 

 𝑉𝑎𝑏𝑠 = 𝑈𝑡 tan𝛽 (2.16) 

where 𝛽 is the relative flow angle, and the tangential velocity 𝑈𝑡 is calculated using 

 𝑈𝑡 = 𝑟𝑖𝑛𝜔𝑖𝑚𝑝 (2.17) 

where 𝜔𝑖𝑚𝑝 is the angular velocity of the impeller. 
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2.1.4 Fluid Torque Model 

As the flow is discharged from the pump into the enclosed loop, the frictional interaction 

between the fluid and loop’s inner surface causes energy dissipation through shear stress acting 

on the loop surface that must be considered Kumar [29] 

 
𝜀𝑓𝑙 =

1

8
𝑓𝑑𝜌(𝜔𝑓𝑙𝑟𝑓𝑙)

2
 (2.18) 

where 𝑓𝑑 is the frictional drag coefficient, 𝑟𝑓𝑙 is the mean radius of the fluid loop, and 𝜌 is the 

density of the fluid. For laminar flow (𝑅𝑒 < 2100), as in the case herein, 𝑓𝑑 is obtained from 

Cengel [39] 

 
𝑓𝑑 =

64

𝑅𝑒
 (2.19) 

The friction torque opposing the fluid torque inside the loop is adopted from Kumar [29] and 

modified as 

 𝜏𝑓𝑓 = −𝛼𝑓𝜔𝑓𝑙 (2.20) 

where 𝛼𝑓 = 𝜋𝜀𝑓𝑙𝑟𝑓𝑙
2𝐷𝜂 and 𝜂 = 2𝜋 defines fully filled loops. The frictional forces of the fluid 

dynamic actuator are mathematically discretized into three parameters; kinetic friction inside the 

fluid dynamic loops, and, viscous and coulomb friction that are developed in the motor. The 

viscous friction varies with the speed of the shaft, while the coulomb friction is a constant with 

polarity dependence on the direction of rotation Bialke [37] or the motor. The former is 

responsible for the power consumption in the wheel-drive electronics of the actuator assembly; 

an increase in fluid velocity constitutes a proportional increase in viscous friction that in turn 

leads to a notable increase in power consumption. The coulomb friction torque is responsible for 

irregularities and finite attitude errors in the attitude control system. These friction factors must 

be considered when developing nonlinear control algorithms Sidi [40]. A simplified model of the 

friction torque in terms of the coulomb and viscous effects is given by Wertz [41]  

 𝜏𝑚𝑓 = 𝑁𝑐𝑠𝑔𝑛(𝑠) + 𝑓𝑑𝜔𝑖𝑚𝑝 (2.21) 

where 𝑁𝑐 = 7.06𝑒−4 Nm is the coulomb friction coefficient, 𝑓𝑑 = 1.21𝑒−6 Nm/rpm is the 

viscous friction coefficient, and 𝜔𝑖𝑚𝑝 is the wheel speed in revolutions per minute (rpm). 

Therefore, the total friction torque affecting the fluid dynamic loop assembly is governed by 
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 𝜏𝑓 = 𝜏𝑓𝑓 + 𝜏𝑚𝑓 (2.22) 

The net torque generated by the pump motor can be computed as the torque produced by the 

motor, less any frictional effects expressed as   

 𝜏𝑓𝑙 = −(𝜏𝑚 + 𝜏𝑓) (2.23) 

2.2 Actuator Configurations 

The satellite’s actuator configuration plays a vital role in providing maneuverability control 

torques. For any particular mission, the requirements will dictate the configuration of the attitude 

control subsystem. For instance, a mission may only require 1-DOF whereby only a single 

actuator will be used along the axis that is to be controlled or, complete 3-DOF may be required 

if the mission requires more complex attitude control capabilities. Regardless, an infinite number 

of configurations exist to set up the actuators. 

Various configurations exist in the literature as examined by Ismail and Varatharajoo [42] to 

determine the configuration with optimal accuracy performance. Their analysis examined 19 

varying configurations using three and four reaction wheels to identify the optimal orientation 

with regards to power consumption and angular momentum capabilities. Their results concluded 

that the standard three-wheel configuration of actuators positioned with their torque directions 

along the primary axes provides optimal attitude pointing accuracy of < 0.001°; however, no 

notable difference was observed for the generated angular momentum of the various cases. The 

optimal three-wheel configuration fundamentally inherits a catastrophic failure in the case of one 

wheel failure and therefore is not a suitable configuration for satellite missions [40]. 

In agreement with several accounts in the literature [43-46] where four reaction wheels are used 

in a pyramid configuration, results of [42] indicate that the pyramid configuration is neither an 

optimal nor a worst case scenario configuration; its advantage lies in the symmetry it poses along 

the three primary axes in case of an actuator failure [43]. 

The investigations carried out for the PFLA examine two actuator configurations; the standard 3 

orthogonal actuators plus one 45° skew for redundancy, and the standard pyramid with 4 

actuators. Henceforth, in the context of this thesis, the former configuration will be referred to as 

S4 while the latter P4. Our focus is on analyzing and validating the feasibility of the proposed 
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PFLA for nanosatellite while subjecting the system to practical sensor-noise fault cases. The 

actuator configurations selected for study allow for the examination of fault case scenarios and 

the practical implementation of the PFLA system.  

2.2.1 S3 Configuration 

The S3 structure as illustrated in Figure 2.3 is the most basic actuator configuration. Three 

actuators are positioned with their angular momentum axes directed along the primary pitch, roll, 

and yaw axes of the satellite. 

 

Figure 2.2: S3 Configuration 

The advantage of this configuration is such that control torques are provided directly about the 

primary axes.  However, the lack of a redundant actuator does not provide a fault tolerant 

approach in the event of one failed actuator. The torque distribution matrix of each actuator 

about its axis is governed by 

 
𝐴𝑎𝑐𝑡 = [

1 0 0
0 1 0
0 0 1

    
0
0
0
] (2.24) 
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2.2.2 S4 Configuration 

The S4 structure as illustrated in Figure 2.3 is the most widely used actuator configuration in 

practical satellite applications and is an adaptation from the S3. In S4, three actuators are 

positioned with their angular momentum axes directed along the primary pitch, roll, and yaw 

axes of the satellite. The fourth actuator is positioned at a 45° skewed angle (𝛼° = 𝛽° = 45°).   

 

Figure 2.3: S4 Configuration 

This configuration provides the highest attitude pointing accuracy [42], and the existence of the 

redundant actuator provides a fault tolerant approach in the event of one failed actuator as it 

provides componential torques along all three major axes. Another advantage of this 

configuration is the limited space that is required within the body of a satellite as all four 

actuators may be condensed around the center of rotation of the satellite. The torque distribution 

matrix of each actuator is governed by 

 
𝐴𝑎𝑐𝑡 = [

1 0 0
0 1 0
0 0 1

    

− 𝑐𝑜𝑠 𝛽° 𝑐𝑜𝑠 𝛼°
− 𝑐𝑜𝑠 𝛽° 𝑠𝑖𝑛 𝛼°

𝑠𝑖𝑛 𝛽°
] (2.25) 

In S4, the skewed actuator is ideally positioned at 45° to provide 50% torque compensation in 

the x and y-axes and 71% compensation along the z-axis in the event of an actuator failure. This 
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ensures that the satellite maintains fully-actuated control however with an increase in settling 

time as only a portion of the necessary torque is available from the redundant wheel.  

2.2.3 P4 Configuration 

The P4 structure is one that has formed the basis of the control moment gyro (CMG) 

configuration. It is structured such that angular momentum vectors of four actuators are collinear 

to the edges of a four-sided pyramid as demonstrated in Figure 2.4.  

 

 

Figure 2.4: P4 Configuration 

 

Although this configuration was less adopted in the past, it has become more widely accepted 

due to its stronger coupling torques and lower power consumption as compared with other 

traditional configurations such as the S4. The pyramid configuration has been extensively 

analyzed in the literature for reaction wheel actuators and found to have an optimal skew angle 

of 𝛼° = 𝛽° = 54.74° [47]. The torque distribution matrix for each actuator in the P4 

configuration is defined by 

 
𝐴𝑎𝑐𝑡 = [

𝑐𝑜𝑠 𝛽° 𝑠𝑖𝑛 𝛼° − 𝑐𝑜𝑠 𝛽° 𝑠𝑖𝑛 𝛼° − 𝑐𝑜𝑠 𝛽° 𝑠𝑖𝑛 𝛼°
− 𝑐𝑜𝑠 𝛽° 𝑐𝑜𝑠 𝛼° − 𝑐𝑜𝑠 𝛽° 𝑐𝑜𝑠 𝛼° 𝑐𝑜𝑠 𝛽° 𝑐𝑜𝑠 𝛼°

𝑠𝑖𝑛 𝛽° 𝑠𝑖𝑛 𝛽° 𝑠𝑖𝑛 𝛽°
    

𝑐𝑜𝑠 𝛽° 𝑠𝑖𝑛 𝛼°
𝑐𝑜𝑠 𝛽° 𝑐𝑜𝑠 𝛼°

𝑠𝑖𝑛 𝛽°
] (2.26) 
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2.3 System Model 

The nonlinear equations of motion of the proposed system comprising of a rigid body satellite 

and fluid actuators are formulated. The proposed system is assumed to be orbiting in a circular 

orbit around a celestial body, in the case considered herein, Earth.  

2.3.1 Coordinate Frames 

To represent the dynamics of the satellite in a circular orbit, an Earth-centered inertial (ECI) 

coordinate frame is considered, as shown in Figure 2.5. The ECI frame is denoted by I -𝑋𝐼𝑌𝐼𝑍𝐼 

with its origin located at the center of the Earth. The X-axis passes through the vernal equinox 

and the Z-axis is directed towards the celestial North Pole. The Y-axis completes the right-hand 

triad. To describe the orbital frame, we define a local vertical local horizontal (LVLH) orbital 

reference frame O -𝑥0𝑦0𝑧0. The center of the frame is located at the center of the satellite body 

with the 𝑥0-axis directed along the satellite’s orbital motion, the 𝑧0-axis pointing towards the 

center of the Earth, and 𝑦0-axis completing the right-hand triad that is in the direction opposing 

the satellite angular velocity and normal to the orbital plane. The principal body-fixed coordinate 

frame of the satellite is denoted by B -𝑥𝑦𝑧, with its origin located at the center of mass of the 

satellite. The roll, pitch, and yaw maneuvers and referenced by the satellite 𝑥, 𝑦, and 𝑧-axes, 

respectively.  

 

Figure 2.5: Frames of Reference 
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2.3.2 System Dynamics  

The equation of motion of the proposed system is expressed as  

 𝐻̇ + 𝜔𝐵𝐼
𝐵 × 𝐻 = 𝜏𝑒 (2.27) 

Where 𝐻 is the total system angular momentum, 𝜔𝐵𝐼
𝐵 ∈ ℝ3×1 is the angular velocity of the 

satellite relative to the inertial frame, expressed in the body frame, and 𝜏𝑒 ∈ ℝ3×1 denotes any 

external disturbances acting on the system. We define 𝐽𝑠 ∈ ℝ3×3 is the satellite moment of inertia 

(excluding the actuators), 𝐽𝑓𝑙 ∈ ℝ4×4 is a diagonal matrix defining the axial moments of inertia 

of the PFLA about the principal axes, and 𝐽𝑓𝑙,𝑠𝑢𝑚 ∈ ℝ4×4 =

[
 
 
 
∑ 𝐽𝑥ϛ

3
ϛ=1 0 0

0 ∑ 𝐽𝑦ϛ

3
ϛ=1 0

0 0 ∑ 𝐽𝑧ϛ
3
ϛ=1 ]

 
 
 

 is 

the total axial moment of the PFLA. 𝐻 denotes the total angular momentum of the satellite 

expressed in B, and defined by 

 𝐻 = 𝐻𝑠 + 𝐴𝑎𝑐𝑡𝐻𝑓𝑙  (2.28) 

where 𝐻𝑠 = 𝐽𝑠𝜔𝐵𝐼
𝐵  is the angular momentum of the satellite (excluding the actuators), and the 

angular momentum of the fluid,  𝐻𝑓𝑙 ∈ ℝ4×1, is defined by 

 𝐻𝑓𝑙 = 𝐽𝑓𝑙𝜔𝑓𝑙 + 𝐽𝑓𝑙,𝑠𝑢𝑚𝐴𝑎𝑐𝑡
𝑇 𝜔𝐵𝐼

𝐵  (2.29) 

where ω𝑓𝑙 ∈ ℝ4×1 represents the angular velocity of the fluid. The dynamics of the PFLA/PFSA 

is expressed as 

 𝐽𝑓𝑙𝜔̇𝑓𝑙 = 𝜏𝑓𝑙 (2.30) 

The nonlinear differential equation of motion describing the attitude dynamics of a rigid satellite 

controlled by PFLA/PFSA can be written as 

 (𝐽𝑠 + 𝐴𝑎𝑐𝑡𝐽𝑓𝑙,𝑠𝑢𝑚)𝜔̇𝐵𝐼
𝐵 = −𝜔𝐵𝐼

𝐵 ×
(𝐽𝑠𝜔𝐵𝐼

𝐵 + 𝐴𝑎𝑐𝑡𝐽𝑓𝑙𝜔𝑓𝑙 + 𝐴𝑎𝑐𝑡𝐽𝑓𝑙,𝑠𝑢𝑚𝐴𝑎𝑐𝑡
𝑇 𝜔𝐵𝐼

𝐵 ) − 𝐴𝑎𝑐𝑡𝜏𝑓𝑙 + 𝜏𝑒 (2.31) 

where 𝐴𝑎𝑐𝑡 ∈ ℝ3×4 is a projection matrix whose columns contain the axial unit vectors of the 

four PFLA and their influence on the angular acceleration of the satellite; and 𝜔𝐵𝐼
𝐵 ×

 is the skew-

symmetric matrix defined to simplify the cross-product operation and given by 
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[𝜔𝐵𝐼
𝐵 ×

] = [

0 −𝜔𝐵𝐼
𝐵

3
𝜔𝐵𝐼

𝐵
2

𝜔𝐵𝐼
𝐵

3
0 −𝜔𝐵𝐼

𝐵
1

−𝜔𝐵𝐼
𝐵

2
𝜔𝐵𝐼

𝐵
1

0

] (2.32) 

2.3.3 Attitude Kinematics 

The satellite attitude kinematic equations relate the time derivatives of the attitude coordinates to 

the angular velocity vector. Various parameterization methods exist in the literature for defining 

the kinematic equations. These representations include Euler angles, Cayley-Rodrigues 

parameter, modified Rodrigues parameters, and quaternions (Euler parameters). To avoid the 

inherent problem associated with singularities when using Euler angles, in this study, we adopt 

the quaternion to define the attitude kinematics of the satellite. The relationship between 

quaternions and Euler parameters is expressed by the following equation: 

 
𝑞̅ = [

𝑒̅ 𝑠𝑖𝑛(𝜑𝑞/2)

𝑐𝑜𝑠(𝜑𝑞/2)
] = [

𝑞𝑣

𝑞4
] (2.33) 

where 𝜑𝑞 is the principal angle, and 𝑒̅ = [𝑒1 𝑒2 𝑒3]
𝑇 defines the principal axis associated with 

Euler’s Theorem (𝑒1
2 + 𝑒2

2 + 𝑒3
2 = 1). The Euler parameters representing the orientation of the 

satellite body frame, B, with respect to the orbital frame, O, are denoted by 𝑞𝑣 ∈ ℝ3×1 =

[𝑞1 𝑞2 𝑞3]
𝑇 and 𝑞4 which is the scalar portion of the quaternion, and satisfy the constraint 

 𝑞𝑣
𝑇𝑞𝑣 + 𝑞4

2 = 1. The nonlinear differential equations governing the attitude kinematics of a 

satellite represented as quaternions can be defined by 

 
[
𝑞̇𝑣

𝑞̇4
] = 0.5 [

𝑞4𝐼 + [𝑞𝑣
×]

−𝑞𝑣
𝑇 ]𝜔𝐵𝑂

𝐵  (2.34) 

where 𝐼 ∈ ℝ3×3 is the identity matrix, and [𝑞𝑣
×] is a quaternion skew-symmetric matrix given by 

 
[𝑞𝑣

×] = [

0 −𝑞3 𝑞2

𝑞3 0 −𝑞1

−𝑞2 𝑞1 0
] (2.35) 

The angular velocity of the body-fixed frame, B, with respect to the inertial frame, I, can be 

expressed as  

 𝜔𝐵𝐼
𝐵 = 𝜔𝐵𝑂

𝐵 + 𝜔𝑂𝐼
𝐵  (2.36) 
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where 𝜔𝑂𝐼
𝐵 = 𝑅𝑂

𝐵[0 −𝜔0 0]𝑇 is the orbital angular velocity of the satellite expressed in the 

body frame, B. 𝜔𝑂𝐼
𝐵 ∈ ℝ3×1 is obtained by rotating the angular velocity in, O, using the 

direction cosine matrix transformation 𝑅𝑂
𝐵 ∈ ℝ3×3 which expresses the orientation of the satellite 

body-fixed frame with respect to the orbital frame in terms of quaternions as given by 

 𝑅𝑂
𝐵 = (𝑞4

2 − 𝑞𝑣
𝑇𝑞𝑣)𝐼 + 2𝑞𝑣𝑞𝑣

𝑇 − 2𝑞4[𝑞𝑣
×] (2.37) 

The magnitude of the orbital angular velocity for a circular orbit is 𝜔0 = √𝜇𝑒/𝑅𝑜𝑟𝑏𝑖𝑡
3 , where 𝜇𝑒 

is the gravitational parameter of Earth (𝜇𝑒 = 3.986e14 m3/s2), and 𝑅𝑜𝑟𝑏𝑖𝑡 represents the orbital 

radius of the satellite as measured from the center of the Earth.  

2.3.4 External Disturbances 

The environmental factors existing in space are a cause for satellite to be subjected to external 

forces including gravity gradient, solar radiation pressure, aerodynamic drag, and other 

disturbance forces. These external forces are translated into torques when they act on the rigid 

body satellite. This total external torque is defined by  𝜏𝑒. However, depending on the satellite 

orbit as well as its size, some environmental factors are more prominent than others. For the class 

of satellite under consideration herein, primarily nanosatellite (1-10kg), the solar radiation 

pressure and aerodynamic drag are not of vital significance as there is not much wetted surface 

area due to the small size of the satellite. The total external disturbance torque acting on the 

satellite is represented by the magnitude of a sinusoidal disturbance torque herein. In order to 

analyze the performance of the PFLA/PFSA the external disturbance torque has been adopted 

from [48] as 

 

 
𝜏𝑒 = [

0.5 𝑠𝑖𝑛(0.8𝑡)

0.5 𝑐𝑜𝑠(0.5𝑡)

0.5 𝑐𝑜𝑠(0.3𝑡)
] × 10−5 [𝑁𝑚] (2.38) 
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2.4 Simulation 

To facilitate a high-fidelity simulation that performs in the same manner as actual hardware, 

hardware-in-the-loop (HITL) performance results of the brushless DC motor were obtained from 

Patel [27] and used to generate a simulated motor in Simulink. The simulated motor model uses 

a Rotational Electromechanical Converter (REC) to simulate the DC-motor performance. The 

REC represents an ideal electromechanical energy conversion wherein the constant of 

proportionality 𝐾𝑡 = 𝐾𝑚 and 𝐾𝑡 = 7.38 × 10−3 𝑉∙𝑠𝑒𝑐

𝑟𝑎𝑑
. A current sensor and an ideal rotational 

motion sensor are implemented in the motor circuit Figure 2.7 in order to obtain the power 

consumption, the feedback loop for the motor impeller angular velocity, and the feedback loop 

for the motor torque in order to ensure a closed-loop simulation with sensor feedback. The model 

also uses a rotational friction block to account for the viscous and coulomb friction present in the 

actual motor. The feedback loop of the satellite model is subjected to sensor noise levels as per 

the rate gyro sensor in Table 3.1 as depicted in Figure 2.6. 

 

Figure 2.6: Satellite & Actuator Block Diagram 

 

The saturated voltage defined by the control law is input to the motor model and the results in 

sensor feedback signals that simulate the effects of a rate gyro and magnetometer for attitude 

control. The complete simulation provides an accurate depiction of the PFLA model. This model, 

illustrated in Figure 2.7, alleviates all errors from commutation packet losses during HITL 

testing and ensures a continuously accurate and ideal signal from the PFLA motor.  
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Figure 2.7: High-Fidelity Motor Model with Actuator Saturation 

The hardware performance parameters of the motor (pump) used in the high-fidelity motor 

model are specified in Table 2.1. 

Table 2.1: Pump Specifications 

Motor & Pump Parameter Value 

Maximum Operating Voltage 12 VDC 

Max Power Consumption 7.1 W 

Maximum Flow Rate (From Experiment) 1750 ml/min 

Impeller Velocity [-570 570] rad/s 

𝐽𝑚, Impeller Inertia (SolidWorks CAD model) 1e
-7

 kg∙m
2
 

Volumetric Flow Rate 2.917e
-5

 m
3
/s 

Output Pressure @ Max Flow Rate (Datasheet) 5.5 psi 

Ethylene Glycol (Density; Viscosity) 1110 kg/m
3
; 6.2e

-2
 Pa∙s

 

The working fluid has been selected as Ethylene Glycol (antifreeze) for its limited thermal 

expansion within the operational temperatures of the study henceforth and for its similarity in 

viscosity to that of water; the selected TCS-M400S micropump (specifications provided in Table 

2.1) provides optimal performance using fluids with similar viscosities to that of water.  

The model is also used to determine the power consumption by the motor during the attitude 

maneuvers considered in this study. By integrating a current sensor into the circuit, the power 
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consumption of the DC motor is obtained by simply multiplying the current drawn by the motor 

by the differential voltage across its terminals as given by the linear equation 

 𝑃𝑤 = 𝑣𝑎𝑖𝑎 (2.39) 

The power consumption of the PFLA has not yet been studied in the literature, and this 

performance measure will examine the feasibility of the proposed actuator as a viable ACS. 

2.5 Conclusions 

In this chapter, the governing equations of motion are presented to formulate the necessary 

control algorithm that will be addressed in Section 3.2. The formulation of the fluid dynamic 

model was mathematically simplified through assumptions to save computational costs that 

would be encountered if a full set of Navier-Stokes fluid dynamic equations were otherwise 

used. The attitude control problem was assessed from the perspective of varying actuator 

configurations to determine their optimal arrangements used in the literature that will be 

considered henceforth in this study. A high-fidelity PFLA motor model was introduced, and the 

performance of the simulated motor model was compared against results obtained in HITL 

testing to ensure its validity and accuracy in subsequent chapters. The model incorporates rate 

sensors as used in real applications in order to obtain feedback information that is then analyzed 

by the attitude control board on the satellite. The sensor feedback is subjected to nominal noise 

levels as per the sensor data sheets. This model is implemented in the simulations conducted for 

the PFLA/PFSA and can be adopted for use in reaction wheel simulations by simply altering the 

circuit and motor performance measures. 
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CHAPTER 3  

ATTITUDE MANEUVERS USING PFLA  

 

ATELLITES operate similar to the human body. Just as the body relies on its primary 

motor cortex to generate neural impulses that control the executions of movement, satellites 

rely on their actuators and control algorithms to reorient and reposition themselves in space. The 

attitude maneuver problem dates back to the launch of the very first pioneered satellites. To 

maneuver in space and ensure the satellite remains on its trajectory if subjected to disturbance 

forces existent in the space environment, a control mechanism and control algorithm is required. 

The control algorithms play the role of the primary motor cortex and send digital signals to 

command the actuators - that act as the arms and legs of the satellite. Satellite attitude maneuvers 

require an active method to drive the actuators, as in the case considered in this chapter. 

The application of actuators as attitude control systems onboard satellite allow for the execution 

of slew maneuvers during the lifetime of the mission. Slew maneuvers can be defined as the 

changing of the orientation of a satellite. This includes stabilizing and/or redirecting a satellite in 

another direction (point-to-point maneuver henceforth referred to as P2P), or following a 

predetermined track (attitude tracking maneuver or ATM). In practical missions, the imperfect 

deployment of a satellite from the launch shuttle can induce initial tipoff rotational rates which 

may introduce large angle tumbling motions if it is not actively controlled. In general, it is 

required to know the satellite attitude at all times for feedback controls [49]. The problem of 

attitude maneuver is further complicated by uncertainties of satellite mass and inertia properties 

due to payload motion, rotation of solar arrays, and fuel consumption, among other variables. 

Innumerable studies have been conducted in the literature that examine, from the very basics to 

the most complex, of algorithms that will give purpose to the actuators existence to perform slew 

maneuvers. These algorithms range from the basic proportional, integral, and derivative (PID) to 

the most complex Neural Network-based control algorithms. However, very few studies actually 

consider the actuator model itself. It is important for attitude control laws to consider the 

S 
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performance of the actuators as control input magnitude and rate saturations are physical 

limitations that must be taken into account for practical applications. The controller designer 

must address this issue as it may lead to instability or unacceptable performance measures of the 

actuator device. In the study herein, we develop a non-linear voltage driven control algorithm 

and validate the performance of the PFLA system. 

To the best of the author’s knowledge, in the literature, the PFLA has only been used as a device 

to address the attitude maneuver problem. The objective of the underlying study is aimed to 

propose the novel actuator for the purpose of attitude maneuvers requiring agile reorientation 

performances of up to 10°/s [50]. Furthermore, this study provides a complete analysis of a 

satellite Attitude Control System (ACS) for P2P and ATM and integrates a high-fidelity motor 

model as presented in Section 2.1.1. The attitude maneuver performance of the PFLA is also 

addressed with consideration of sensor noise to determine the power consumption for the 

proposed actuator. Furthermore, a voltage-driven nonlinear robust control law is proposed that 

unlike traditional laws does not directly control torque but rather drives the applied voltage for 

the pumps. 

This chapter begins by introducing the mathematical models governing the attitude maneuver 

problem in Section 3.1; the voltage-driven control algorithm in presented in Section 3.2. Section 

3.3 examines the performance of the PFLA for attitude maneuvers with the implementation of a 

torque interface between the actuator and the satellite that has not been addressed in the 

literature. The proposed model is applied to the PFLA; the performance of the PFLA is measured 

for attitude stabilization on S3; the PFLA is then presented as a method for attitude tracking 

maneuvers on P4; the effects of elevated levels of sensor noise are examined on the performance 

of the PFLA using S4 and P4, and the power-optimal configuration is viewed from the 

perspective of hardware. Lastly, the conclusions of the study are presented in Section 3.4. 
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3.1 Satellite Attitude Tracking Model 

In the case of maneuvering about a desired trajectory, the target attitude of the satellite in the 

desired frame Bd with respect to the orbital LVLH frame O is defined by the orientation of the 

desired quaternions 𝑞𝑣𝑑 ∈ ℝ3×1 and 𝑞4𝑑 ∈ ℝ that satisfy the constraint 𝑞𝑣𝑑
𝑇𝑞𝑣𝑑 + 𝑞4𝑑

2 = 1. To 

define the appropriate error dynamics, let 𝜔𝑑 ∈ ℝ3×1 denote the angular velocity of the desired 

frame with respect to the orbital frame, expressed in the desired frame. Here, we assume that 

there exist known, finite constants 𝑐1, 𝑐2 > 0, such that ‖𝜔𝑑‖ ≤ 𝑐1 and ‖𝜔̇𝑑‖ ≤ 𝑐2 have an upper 

bound for all 𝑡 ≥ 0. To address the attitude maneuver problem, we define the quaternion error 

𝑞𝑣𝑒 ∈ ℝ3×1 and 𝑞4𝑒 ∈ ℝ as the relative orientation between the body-fixed frame B, and the 

desired reference frame Bd, and can be computed from the formulation described in [51] as  

 𝑞𝑣𝑒 = 𝑞4𝑑𝑞𝑣 − 𝑞4𝑞𝑣𝑑 + [𝑞𝑣
×]𝑞𝑣𝑑 

𝑞4𝑒 = 𝑞4𝑑𝑞4 + 𝑞𝑣𝑑
𝑇𝑞𝑣 

(3.1) 

where  𝑞𝑒
𝑇𝑞𝑒 + 𝑞4𝑒

2 = 1. The respective rotation matrix 𝑅𝑒 = 𝑅(𝑞𝑣𝑒 , 𝑞4𝑒) ∈ 𝑆𝑂(3) is 

expressed by 

 𝑅𝑒 = (𝑞4𝑒
2 − 𝑞𝑣𝑒

𝑇𝑞𝑣𝑒)𝐼 + 2𝑞𝑣𝑒𝑞𝑣𝑒
𝑇 − 2𝑞4𝑒[𝑞𝑣𝑒

×] (3.2) 

where 𝑅𝑒 has properties 𝑅𝑒
𝑇𝑅𝑒 = 1, ‖𝑅𝑒‖ = 1, 𝑑𝑒𝑡(𝑅𝑒) = 1, and 𝑅̇𝑒 = −[𝜔𝑒

×]𝑅𝑒. To compute 

the first derivative of the rotation matrix, we define the relative angular velocity error 𝜔𝑒 ∈ ℝ3×1 

as 

 𝜔𝑒 = 𝜔𝐵𝐼
𝐵 − 𝑅𝑒𝜔𝑑 (3.3) 

wherein the first derivative of Eq. (3.3) is   

 𝜔̇𝑒 = 𝜔̇𝐵𝐼
𝐵 − 𝑅𝑒𝜔̇𝑑 + [𝜔𝑒

×]𝑅𝑒𝜔𝑑 (3.4) 

The respective governing relative attitude error kinematic equations are governed by 

 
[
𝑞̇𝑣𝑒

𝑞̇4𝑒
] = 0.5 [

𝑞4𝑒𝐼 + [𝑞𝑣𝑒
×]

−𝑞𝑣𝑒
𝑇 ]𝜔𝑒 (3.5) 

The governing equations of motion provided in this section define the attitude rotational motions 

of a satellite. In order to provide P2P and ATM capabilities, a control algorithm must be devised 

that will control the dynamics of the satellite by actively controlling the motor voltage of the 

PFLA and is provided subsequently. 
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3.2 Nonlinear Voltage-Driven Control Law 

In this section, we present the voltage-driven nonlinear control algorithm for a rigid body 

satellite equipped with PFLA/PFSA and subjected to uncertainties in mass moment of inertia and 

actuator saturation limits. A nonlinear sliding mode controller is developed to account for 

actuation voltage and fluid frictional effects exhibited by the PFLA/PFSA. This solution to the 

attitude maneuver problem is described by quaternions and avoids the singularity and chattering 

problems generally associated with sliding mode control techniques. 

The voltage-driven control law commanding the motors of the PFLA and PFSA is governed by 

 
𝑣𝑎 = 𝐾𝑚𝜔𝑖𝑚𝑝 +

𝑅𝑎

𝐾𝑡
(𝐴𝑎𝑐𝑡

𝑇 𝜏𝑐 + 𝜏𝑓𝑓) (3.6) 

where the motor and fluid dynamic parameters can be found in Section 2.1. 

 𝜏𝑐 = −𝜘1𝑆 − 𝜘2 ∙ 𝑠𝑔𝑛(𝑆) − 𝑁 (3.7) 

where  ϰ1, 𝜘2 > 0 are design parameters and 

 𝑁 = −(𝐽𝑠 + 𝐴𝑎𝑐𝑡𝐽𝑓𝑙,𝑠𝑢𝑚)
−1

(𝜔𝐵𝐼
𝐵 ×

(𝐽𝜔𝐵𝐼
𝐵 + 𝐴𝑎𝑐𝑡𝐽𝑓𝑙𝐴𝑎𝑐𝑡

𝑇 𝜔𝑓𝑙 + 𝐴𝑎𝑐𝑡𝐽𝑓𝑙,𝑠𝑢𝑚𝐴𝑎𝑐𝑡
𝑇 𝜔𝑒) − 𝜏𝑒)

+ 𝑍 
(3.8) 

where Z = (𝜆1 + 𝜆2G)𝑞̇𝑣𝑒 − 𝑅𝑒𝜔̇𝑑 + [𝜔𝑒
×]𝑅𝑒𝜔𝑑, and 𝜆1, 𝜆2 are positive design parameters, and 

 𝐺 = 𝑛 ∙ 𝑑𝑖𝑎𝑔(𝑞𝑣𝑒
𝑛−1) (3.9) 

where, the terminal sliding mode surface, 𝑆, is asymptotically stable with 𝑛 >
1

2
 [52], defined as  

 𝑆 = 𝜔𝑒 + 𝛿1𝑞𝑣𝑒 + 𝛿2𝐴𝑎𝑐𝑡𝜔𝑖𝑚𝑝 + 𝛿3𝐴𝑎𝑐𝑡𝜔𝑓𝑙 + 𝛿4𝑞𝑣𝑒
𝑛  (3.10) 

where 𝑆 = [𝑆1 𝑆2 𝑆3]
𝑇 ∈ ℝ3×1 and 𝛿1, 𝛿2, 𝛿3, 𝛿4 are constant positive-definite gain matrices. 

Stability Proof 

To ensure that the system state remains in sliding mode after convergence, the conditions  

 𝑙𝑖𝑚𝑠(𝑥)→0+ 𝑠̇ (𝑥) < 0      &      𝑙𝑖𝑚𝑠(𝑥)→0− 𝑠̇ (𝑥) > 0 (3.11) 

must be satisfied. To ensure the reaching of the sliding manifold is independent of initial 

conditions, the reaching condition must also be satisfied: 
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 𝑠𝑠̇ < 0, ∀𝑠 ≠ 0 (3.12) 

With respect to the Lyapunov theory, the existence and reaching conditions for the sliding mode 

can be expressed if there exists a Lyapunov function: 

 
𝑉(𝑠) ∈ 𝑅+: {

𝑉(𝑠) = 0   𝑓𝑜𝑟 𝑠 = 0

𝑉(𝑠) > 0   𝑓𝑜𝑟 𝑠 ≠ 0
 (3.13) 

Theorem 3.1: For the system model in Eq. (2.31), if the sliding manifold is chosen as Eq. (3.10), 

the control law is defined as Eq. (3.6), and the actuator electromechanical dynamics are governed 

by Eq. (2.1) and Eq.(2.3), then the system tracking error Eq. (3.1) and Eq. (3.3) will converge to 

zero as time approaches infinity.  

Assumption: For the system model in Eq. (2.31), it is considered that three actuators are used to 

provide control torques about the principle axes using the S3 configuration; the 𝐴𝑎𝑐𝑡 distribution 

matrix is thus converted to an identity matrix 𝐼3×3.  

Proof: To prove that the control law Eq. (3.6) fulfills the sliding mode reaching condition Eq. 

(3.12), consider the following Lyapunov candidate function  

 
𝑉 =

1

2
𝑆𝑇𝑆 (3.14) 

where the first time-derivative of Eq. (3.14) is expressed as 

 𝑉̇ = 𝑆𝑇𝑆̇ (3.15) 

and the first derivative of Eq. (3.10) is governed by 

 𝑆̇ = 𝜔̇𝑒 + 𝛿1𝑞̇𝑣𝑒 + 𝛿2𝜔̇𝑖𝑚𝑝 + 𝛿3𝜔̇𝑓𝑙 + 𝛿4𝑛𝑞𝑣𝑒
𝑛−1𝑞̇𝑣𝑒 (3.16) 

Substituting Eq. (3.16) into Eq. (3.15) yields 

 𝑉̇ = 𝑆𝑇(𝜔̇𝑒 + 𝛿1𝑞̇𝑣𝑒 + 𝛿2𝜔̇𝑖𝑚𝑝 + 𝛿3𝜔̇𝑓𝑙 + 𝛿4𝑛𝑞𝑣𝑒
𝑛−1𝑞̇𝑣𝑒) (3.17) 

Substituting 𝜔̇𝑖𝑚𝑝 Eq. (2.1), 𝜏𝑚 Eq. (2.1) and Eq. (2.2) with 𝑏 = 0, 𝑖𝑎 Eq. (2.3), 𝑒𝑏 Eq. (2.4), 𝜏𝑓𝑓 

Eq. (2.20), 𝜏𝑓𝑙 Eq. (2.22) and Eq. (2.23) with 𝜏𝑚𝑓 = 0, 𝜔̇𝑓𝑙 Eq. (2.30), 𝜔̇𝐵𝐼
𝐵  Eq. (2.31), 𝜔̇𝑒 Eq. 

(3.4), 𝑣𝑎 Eq. (3.6), and  𝜏𝑐 Eq. (3.7) into Eq. (3.17) and simplifying the mathematical expression 

yields, 



CHAPTER 3 3.3 Simulation Results and Discussion 
 

41 

 

 𝑉̇ = 𝑆𝑇 ((𝐽𝑠 + 𝐽𝑓𝑙,𝑠𝑢𝑚)
−1

(−𝜔𝐵𝐼
𝐵 ×

(𝐽𝑠𝜔𝐵𝐼
𝐵 + 𝐽𝑓𝑙𝜔𝑓𝑙 + 𝐽𝑓𝑙,𝑠𝑢𝑚𝜔𝐵𝐼

𝐵 ) + 𝜏𝑒) +

((𝐽𝑠 + 𝐽𝑓𝑙,𝑠𝑢𝑚)
−1

+ 𝛿2𝐽𝑚
−1 − 𝛿3𝐽𝑓𝑙

−1) × (−𝜘1𝑆 − 𝜘2𝑠𝑔𝑛(𝑆) + (𝐽𝑠 +

𝐴𝑎𝑐𝑡𝐽𝑓𝑙,𝑠𝑢𝑚)
−1

(𝜔𝐵𝐼
𝐵 ×

(𝐽𝜔𝐵𝐼
𝐵 + 𝐴𝑎𝑐𝑡𝐽𝑓𝑙𝐴𝑎𝑐𝑡

𝑇 𝜔𝑓𝑙 + 𝐴𝑎𝑐𝑡𝐽𝑓𝑙,𝑠𝑢𝑚𝐴𝑎𝑐𝑡
𝑇 𝜔𝑒) − 𝜏𝑒) −

𝜆1𝑞̇𝑣𝑒 − 𝜆2𝑛𝑞𝑣𝑒
𝑛−1𝑞̇𝑣𝑒 + 𝑅𝑒𝜔̇𝑑 − [𝜔𝑒

×]𝑅𝑒𝜔𝑑 − 𝛼𝑓𝜔𝑓𝑙) − 𝑅𝑒𝜔̇𝑑 + [𝜔𝑒
×]𝑅𝑒𝜔𝑑 +

(𝛿3𝐽𝑓𝑙
−1 − (𝐽𝑠 + 𝐽𝑓𝑙,𝑠𝑢𝑚)

−1
)𝛼𝑓𝜔𝑓𝑙 + 𝛿1𝑞̇𝑣𝑒 + 𝛿4𝑛𝑞𝑣𝑒

𝑛−1𝑞̇𝑣𝑒)  

(3.18) 

Taking the control parameters as 
 𝛿1 = 𝜆1 (3.19) 
 𝛿2 = 2𝐽𝑚  (3.20) 
 𝛿3 = ((𝐽𝑠 + 𝐽𝑓𝑙,𝑠𝑢𝑚)

−1
+ 𝐼3×3) 𝐽𝑓𝑙  (3.21)  

 𝛿4 = 𝜆2 (3.22) 

and simplifying the mathematical expression yields 

 𝑉̇ = 𝑆𝑇(−𝜘1𝑆 − 𝜘2𝑠𝑔𝑛(𝑆)) = −𝜘1𝑆
2 − 𝜘2𝑆 ∙ 𝑠𝑔𝑛(𝑆) (3.23) 

Therefore, the first derivative of the Lyapunov function has been proven negative definite, and 

the control law is almost globally asymptotically stable.  

3.3 Simulation Results and Discussion 

In this section, we illustrate the effectiveness of the PFLA for performing P2P and ATM of 

nanosatellite (10 kg) through numerical integration of Eq. (2.31) and Eq. (3.6) using the Runge-

Kutta (ODE45) numerical solver. For typical brushless DC motors, the values for the inductance 

𝐿𝑎 in the armature circuit and the viscous friction constant 𝑏 are very small and therefore are 

neglected in the dynamic model Cochin [53]. 

The practical voltage-driven control law that controls the performance measures of the actuator 

directly must consider the physical performance constraints of the PFLA itself. Due to the 

physical limitations of actuators the control torque generated is bounded [54] and in the 

numerical simulation cases considered herein, the PFLA/PFSA motor has an upper torque 

saturation limit of 𝜏𝑚𝑎𝑥.  

 𝜏𝑐 = {

 𝜏𝑚𝑎𝑥          𝑖𝑓                        𝜏𝑐 ≥ 𝜏𝑚𝑎𝑥 
𝜏𝑐               𝑖𝑓    − 𝜏𝑚𝑎𝑥 < 𝜏𝑐 < 𝜏𝑚𝑎𝑥

−𝜏𝑚𝑎𝑥          𝑖𝑓                         𝜏𝑐 ≤ −𝜏𝑚𝑎𝑥

 (3.24) 
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Further, for practical implementations, the inherent chattering associated with terminal sliding 

mode is addressed and eliminated using the boundary layer method [55] 

 𝑠𝑡(𝑆𝑐) = {

𝑆𝑖

𝜖
,                   𝑖𝑓  |𝑆𝑖| ≤ 𝜖

𝑠𝑔𝑛(𝑆𝑖),        𝑖𝑓  |𝑆𝑖| > 𝜖
 (3.25) 

where ϵ > 0 is a small positive constant. 

Several cases are analyzed that test the viability and performance of the PFLA as a practical 

device for attitude maneuvers. This study evaluates S3, S4, and P4 configurations to determine 

performance measures of accuracy, slew rate, and power consumption for the PFLA and to 

determine the optimal configuration for the PFLA system onboard a satellite. Each PFLA is 

equipped with a TCS-M400S micropump that operates using a brushless DC-motor and 

communicates over an I
2
C bus with the main control board. The control law Eq. (3.6) drives the 

voltage of the pumps that provide the necessary angular momentum about the roll, pitch, and the 

yaw body-axes. 

Table 3.1: System Model Parameters 

Parameters Values 

Orbit  

𝑅𝑒 6878 km 

𝜇𝑒 398600 km
3
∙s

-2
 

Satellite Size  0.3 ×0.3 ×0.3 m
3 

Satellite Moment of Inertia  

𝐽𝑥𝑥 0.027 kg∙m
2 

𝐽𝑦𝑦 0.022 kg∙m
2
 

𝐽𝑧𝑧 0.016 kg∙m
2
 

Pumped Fluid Loop Actuator  

𝐽𝑓𝑙 7.14e
-4

; 6.8 e
-4

; 6.5 e
-4

 kg∙m
2
  (3 PFLA)  

7.14e
-4

; 6.8 e
-4

; 6.5 e
-4

; 7.1e
-4

 kg∙m
2
  (4 PFLA) 

Sensor Noise  

Rate Gyro – ADXRS646-EP [56] 0.015 °/s/√Hz 

The mapping matrices that relate the PFLA control torques to the satellite body-frame torques for 

the S3, S4, and P4 configurations have been provided in Eq. (2.24) to Eq. (2.26). 
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The constant gains and control parameters are selected as: δ1, δ2, δ3 and δ4 according to Eq. 

(3.19), (3.20), (3.21) and (3.22), respectively, ϰ1 =  1 × 10−3, ϰ2 = 2 × 10−2, ϵ = 0.05, 

λ1 = 1 × 10−3, λ2 = 1 × 10−3, 𝑛 = 7/9, and 𝜏𝑚𝑎𝑥 = 1.92 × 10−2.  

Several cases are studied in this chapter to assess the performance and feasibility of the PFLA for 

P2P maneuvers and ATM. The study begins by introducing a model that addresses the torque 

interface between angular momentum based actuators and the satellite that is not considered in 

the literature. The study then extends the proposed approach to analyze the PFLA performance 

for attitude tracking maneuvers on P4. To further address the practicality of the PFLA, the 

effects of sensor noise are examined for point-to-point maneuvers on S4 and P4, and the optimal 

power configuration of the PFLA is determined; performance measures such as tracking error, 

power consumption, and control effort are examined. 

3.3.1 Attitude Stabilization 

The problem with the existing method of overcoming saturation through control techniques is 

that the actuator models are typically not considered. The maximum torque capable of being 

provided by the actuator is set as an upper limit in the control algorithm, and the controller 

behaves by limiting the applied maximum torque to the predefined saturation value. This control 

torque saturation from the perspective of the control law is not the same as actuator saturation 

from the hardware point-of-view. 

At this point, it is important to define the terms control torque saturation as defined in the 

literature as the limit where constant maximum control torque is applied to the satellite and 

actuator saturation as defined by the maximum angular momentum capable of being generated 

from the hardware. 

To address the saturation limitations from a hardware perspective, Ha et al. [57] proposed the 

design of a multi-rim composite flywheel rotor to increase the saturation limit of RW 

technologies and reduce structural mass while maintaining strength. Their analysis confirmed the 

viability of such a rotor for increased energy storage of 5kWh in comparison to metal flywheels 

of the same inertial loading. 
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To further address the saturation problem using hardware, Kim et al. [58] conducted a design 

study for a microsatellite using RWs and magnetorquers as control hardware onboard the 

KITSAT-3; magnetorquers were used for momentum dumping to remove RW saturation. They 

determined that the algorithm used to develop the control strategies allowed for satisfactory 

results with the developed hardware.   

Existing control algorithms developed in the literature are theoretical and do not consider the 

relationship between the actuator applied torque and its corresponding reaction torque on the 

satellite. The control torque saturation is of particular interest in this section as the research 

conducted pertaining to this matter through theoretical control laws does not directly apply to 

practical hardware. This problem is addressed in this section by examining the response of a 

satellite under active stabilization when subject to initial disturbance torques. Furthermore, the 

study is carried out using the voltage-driven nonlinear control algorithm (VDNCL) presented in 

Section 3.2 while using a high-fidelity model of the PFLA actuator system. The study is initiated 

by demonstrating the satellite response using the theoretical approach as presented in the 

literature. Next, the interface between the control torque input and the satellite reaction torque is 

addressed in order to close the gap that exists between theory and practice. The proposed control 

technique is applicable to all forms of angular momentum based actuators including reaction 

wheels and is not limited to the case of the PFLA as considered herein.  

3.3.1.1 Case I: Control Torque Saturation (𝝉𝒇𝒍 = 𝒄𝒐𝒏𝒔𝒕 for 𝝎𝒇𝒍 = 𝝎𝒇𝒍,𝒔𝒂𝒕)  

Consider a satellite with three PFLA with their torque axes positioned about the primary roll, 

pitch, and yaw axes (S3 configuration) of the satellite that is subject to an initial angular velocity 

of 𝜔𝐵𝑂0
= (62,−45,−17) °/𝑠 at an initial angle of 𝜃0 = (11°, −11°, 89°). The desired states of 

the satellite are 𝜔𝐵𝑂𝑑
= (0,0,0) °/𝑠 and 𝜃𝑑 = (0°, 0°, 0°) 𝑖. 𝑒. 𝑞𝑣𝑑 = (0, 0,0,1), and the control 

torque saturation is bounded by limits [-0.0192 0.0192] Nm. 

The attitude response of the satellite when using the theoretical VDNCL in conjunction with the 

high-fidelity PLFA model is presented in Figure 3.1. Therein it is evident that the actuator 

stabilizes the satellite from its initial angle of 89° to 0° in ~ 10s about the yaw axis, and is in 

agreement with requirements of agile maneuvers. 
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To examine the difference that exists between control torque saturation and actuator saturation, 

the satellite angular velocity response is examined with respect to the applied control torque as 

illustrated in Figure 3.2 and Figure 3.3 with particular interest in the periods where control 

torque saturation occurs. By examining the results for 𝜏𝑎1
(𝑜𝑟 𝜏𝑓𝑙1

) in Figure 3.3 it is clear that 

the control torque is saturated on the time range of [0.01s 2.649s]. The fast initial torque ramp-up 

and fluid angular velocity ramp-up are due to the small moment of inertia of fluid that acts as a 

light load on the pump rotor, results which are consistent with those found in [59-62]; by 

increasing the moment of inertia of the fluid as is required for larger satellite, the ramp-up times 

increase accordingly as seen in [62]. 

 

 

Figure 3.1: Satellite Attitude Response using VDNCL 
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Figure 3.2: Satellite Angular Velocity Response using VDNCL 

 

Figure 3.3: Applied Control Torque Profile for VDNCL 
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Figure 3.4: Fluid Angular Velocity Saturation for VDNCL 
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constant fluid velocity). Based on the conservation of angular momentum, the resulting applied 

torque to the satellite is then zero and not constant as is portrayed in Figure 3.3. Therefore, the 

satellite cannot experience an increase in angular velocity, without external disturbance, if the 

conservation of momentum is to be held valid; that is to say that the angular velocity of the 

satellite will become constant during actuator saturation and will not increase or decrease 

linearly as shown in Figure 3.2. It is evident that actuator saturation differs from control torque 

saturation; however, in the literature the relationship between the two has not been addressed. To 

better understand this, consider the same case as above however, instead of a constant torque 

being applied during actuator saturation; the applied torque is zero as is the case of real systems. 

This model can be applied to a theoretical control algorithm in order to obtain results that depict 

the real response of a satellite under actuator saturation. 

The sliding plane and the first time-derivative of the Lyapunov function are illustrated in Figure 

3.5. 

 

 

Figure 3.5: Sliding Surface and First-Derivative of Lyapunov Function 
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3.3.1.2 Case II: Actuator Torque Saturation (𝝉𝒇𝒍 = 𝟎 for 𝝎𝒇𝒍 = 𝝎𝒇𝒍,𝒔𝒂𝒕)  

For consistency, by once again examining the roll axis results, it is evident that the satellite is 

stabilized however with an increased settling time of 20 s (Figure 3.6) as opposed to 12s (Figure 

3.1) with the VDNCL. By examining the profile of the applied control torque as presented in 

Figure 3.9, it is clear that the profile does not behave similarly to that of the VDNCL. A closer 

examination of the fluid velocity on the interval of [6.19s 10.93s] in Figure 3.8 shows that when 

the angular velocity of the fluid is constant, the applied control torque tends to zero. The absence 

of fluid acceleration, therefore, suggests that the maximum possible angular momentum 

exchange is achieved between the fluid and satellite. This statement indicates that zero applied 

torque does not need to happen at maximum velocities but rather requires the occurrence of 

constant velocity over time to be defined. 

 

 

Figure 3.6: Satellite Attitude Response 
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Figure 3.7: Satellite Angular Velocity Response 

 

Figure 3.8: Fluid Angular Velocity Saturation 
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Figure 3.9: Applied Control Torque Profile 
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Figure 3.10: Effect of Actuator Saturation on Satellite Velocity for t = [2.6s 2.7s] 
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The results further revealed that the response of the satellite and actuator differ significantly from 

what is proposed in the literature through the solely theory-driven control approaches. The 

proposed model can be used as a method to verify the practicality of complex nonlinear or linear 

control algorithms and should be implemented in theoretical control laws in order to obtain a 

more realistic account of the satellite and actuator behavior.  

3.3.2 Attitude Tracking Maneuver 

This study takes advantage of the P4 structure for attitude maneuver using the PFLA as this 

configuration has been verified for minimal power consumption as demonstrated in the 

subsequent section. The initial angles and body rates are selected for a 3-2-1 rotation sequence as 

𝜃0 = (30°, −10°, 15°) and 𝜔𝐵𝑂0
= (20.05, −28.65, −37.24) °/𝑠. The attitude maneuver that 

is to be tracked in this simulation is governed by the angular velocity profile in Eq. (3.26) and its 

norm is depicted in Figure 3.11. 
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Figure 3.11: Norm of Time-Variant Desired Angular Velocity 
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The time-variant angular velocities have amplitudes of ~2.87 °/s for all axes and a frequency of 

oscillation selected as 0.0075 Hz for roll, 0.006 Hz for pitch, and 0.01 Hz for yaw. The objective 

of this case study is to determine the feasibility of using the PFLA to perform attitude tracking of 

a time-variant trajectory while subject to uncertain mass moment of inertia defined by 

 𝐽 = 𝐽𝑠 + ∆𝐽𝑠 + 𝐴𝑎𝑐𝑡𝐽𝑓𝑙𝐴𝑎𝑐𝑡
𝑇 + 𝐴𝑎𝑐𝑡𝐽𝑓𝑙,𝑠𝑢𝑚𝐴𝑎𝑐𝑡

𝑇  
(3.27) 

 
∆𝐽𝑠 = 1𝑒−3 ∙ [

𝑠𝑖𝑛(0.1𝑡) 0 0
0 𝑠𝑖𝑛(0.2𝑡) 0
0 0 𝑠𝑖𝑛(0.3𝑡)

] [𝑘𝑔 ∙ 𝑚2] (3.28) 

The uncertain mass moment of inertia is presented in Figure 3.12 is implemented to account for 

fluid sloshing motions inside the PFLA that are caused during the acceleration and deceleration 

of the fluid. Since the loops are considered fully filled with liquid, the effects of sloshing are 

negligible. However, an uncertain mass moment of inertia is considered herein due to potential 

cavitation that may occur inside the pumps caused by the high angular velocities of the pump 

impeller.  

 

Figure 3.12: Uncertain Mass Moment of Inertia due to Fluid Sloshing 
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Figure 3.13: Satellite Attitude Error for ATM 

 

Figure 3.14: Satellite Angular Velocity Error for ATM 
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Figure 3.15: PFLA Applied Torque for ATM  
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the trajectory with a bounded error of [-0.01° 0.01°] as illustrated in Figure 3.13. The observed 
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Figure 3.16: Friction Torque due to Fluid Rotation inside the Loops for ATM 
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3.3.3 Power Consumption 

For space missions, one performance measure that must be optimized is the power consumption 

of subsystems. One method of optimizing power is by reconfiguring the placement of the 

actuators onboard the satellite. In this section, we address the performance of the PFLA 

subjected to elevated levels of sensor noise in a trade-off between power consumption and 

attitude accuracy of the PFLA for performing P2P maneuvers while assessing two actuator 

configurations, S4 and P4 as described in Section 2.2. The model proposed in Section 3.3.1.2 is 

used in order to obtain the practical representation of the hardware. Furthermore, a high-fidelity 

model of the PFLA as presented in Section 2.1 is used to examine the current draw and power 

consumption of the pumps’ motors. The specifications of the PFLA pump are presented in Table 

2.1. 

This study is examined through a large angle (≥ Δ30°) P2P maneuver using the PFLA. In this 

section, the satellite undergoes a maneuver from its initial rest state at  

𝜃0 = (31°, −20°, −80°) to secondary rest state. The desired attitude angles and angular body-

rates are selected 𝜃𝑑 = (0°, 50°, −20°) and  𝜔𝐵𝑂𝑑
= (0,0,0) °/𝑠 and control gains δ1 = 10 and 

δ2 = δ3 = 1. Furthermore, the case considers rate sensor noise as an additive fault into the 

states. 

Sensor noise has been examined for the rate gyro sensor provided in Table 3.1, and the results 

did not conclude the advantage of one actuator configuration over the other since the magnitude 

of the sensor noise as an additive system fault was quite small at 0.015 °/s. Although the results 

are not explicitly expressed in this study, the results follow the trend of the nominal profiles in 

the graphs presented in this section. Therefore, in order to influence the satellite response to 

determine the optimal actuator configuration under elevated disturbance levels, additional 

additive error has been introduced into the system to increase the magnitude of the rate gyro 

error by a factor of ~ 60 thereby resulting in an error of ~ 0.9 °/s at 1 Hz as presented below.  



CHAPTER 3 3.3 Simulation Results and Discussion 
 

59 

 

 

Figure 3.17: Rate Gyro Sensor White Noise 
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Figure 3.18: Attitude Error using S4 Configuration 

 

Figure 3.19: Attitude Error using P4 Configuration 

-50

0

50


e
 [

d
eg

]

 

 

Nominal Effects of Sensor Noise

-100

0

100


e
 [

d
eg

]

0 20 40 60 80 100 120 140 160 180 200
-100

0

100

 e
 [

d
eg

]

Time [s]

-50

0

50


e
 [

d
eg

]

 

 

Nominal Effects of Sensor Noise

-100

0

100


e
 [

d
eg

]

0 20 40 60 80 100 120 140 160 180 200
-100

0

100

 e
 [

d
eg

]

Time [s]



CHAPTER 3 3.3 Simulation Results and Discussion 
 

61 

 

 

Figure 3.20: Satellite Angular Velocity Error using S4 Configuration 

 

Figure 3.21: Satellite Angular Velocity Error using P4 Configuration 
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Figure 3.22: Effects of Sensor Noise on Attitude Performance 
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the nominal trend more efficiently thereby requiring less control input. The effects of the S4 and 

P4 configuration on the power budget must be considered in order to determine the optimal 

power configuration for P2P maneuvers. Table 3.2 presents the power budget available for 

various satellite classifications for practical space missions [64]. 

Table 3.2: Satellite Power Budget 

Satellite Class Power [W] (Body Mounted Cells) Power [W] (Solar Arrays) 

Microsatellite 5.6-46 26-120 

Nanosatellite 1.2-10 5.7-26 

Picosatellite 0.26-2.1 1.2-5.7 

Femtosatellite 0.06-0.47 0.27-1.2 

Attosatellite <0.1 <0.27 

 

In the case of the study herein, typical nanosatellite missions have had a maximum power budget 

of 26W when using solar arrays and 10W when using body mounted cells. The power 

consumption from the PFLA is obtained from the DC-motor model in Section 2.1.1; by 

multiplying the current draw from the pump by the applied motor voltage in Eq. (3.6). The 

applied motor voltage is presented in Figure 3.23 and Figure 3.24 where it can be seen that for 

the S4 configuration, motor numbers 3 and 4 required greater than the nominal voltage in the 

first 20 s that required in the P4 configuration. With reference to the attitude error in Figure 3.18, 

the necessity for the increased voltage is due to the initial error as caused by the sensor noise. In 

order for the satellite to be controlled, the control law commands a greater applied voltage that 

saturates the actuators in order to minimize the standard deviation from the nominal 

performance. The saturation limits at 12V as seen in the motor voltage graphs generate spikes of 

increased power consumption as presented in Figure 3.25 and Figure 3.26.  
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Figure 3.23: Applied Motor Voltage on S4 Configuration 

 

Figure 3.24: Applied Motor Voltage on P4 Configuration 
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Figure 3.25: Total Power Consumption on S4 Configuration 

 

Figure 3.26: Total Power Consumption on P4 Configuration 
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The saturation limits, although consuming maximum power at 7.1W (per PFLA motor), produce 

zero effective control torque as was demonstrated in Section 3.3.1 and therefore waste energy. 

By examining the P4 configuration, the even distribution of applied control voltage as seen in the 

voltage profile of the four PFLA, do not experience saturation and therefore maximize their 

control effort without wasted energy.  

Further consideration of the power consumption indicates that higher power peaks exist when 

using S4. Based on the considerations aforementioned and the case under consideration, it is 

clear that the P4 configuration requires lower peak powers and does not saturate the PFLA 

thereby maximizing the applied control effort by the actuators. As a result, while the attitude 

accuracy and settling time of both configurations is comparable, the power consumption of the 

PFLA under increased additive sensor noise faults exhibits appreciable performance in P4 over 

the S4 configuration. Furthermore, the normal (noise-free) case of P4 requires lower peak power 

consumptions than those in the S4 as shown in Figure 3.25 and Figure 3.26.  

The increase in control time associated with continuous ATMs as opposed to P2P requires an 

efficient method that does not waste control torque effort and energy over the duration of the 

maneuver. As such, for the purpose of demonstrating the attitude tracking capabilities of the 

PFLA, the optimal power P4 configuration should be used to examine the ATM problem.  

It is important to note that during saturation when the satellite angular velocity has exceeded the 

7.91º/s upper limit capable of being induced by the PFLA, in order to control the satellite, the 

control law commands high torque requirements that continuously saturate the PFLA as was 

demonstrated in this section. Although the coupling effects of the three PFLA tend to stabilize 

the satellite under these conditions, they consume high power as was seen in Figure 3.25 and 

Figure 3.26. In section 6.2.3, an alternative approach is proposed that enables a satellite to use 

less energy when using the PFLA is to still stabilize a satellite without the need for high power 

requirements during saturation of the PFLA. 



CHAPTER 3 3.4 Conclusions 
 

67 

 

3.4 Conclusions 

In this chapter a high-fidelity model is introduced to enhance simulation results for attitude 

control; the model introduces a zero applied torque to the system when constant angular 

momentum is applied by the actuator. The model was applied to a nonlinear voltage-driven 

control scheme and examined using the PFLA system for agile attitude maneuvers. The results 

presented the practicality of the PFLA for active stabilization of a satellite. 

The power-optimal configuration of the PFLA was determined by assessing the S4 and P4 

configurations and it was determined that configurations of the actuator system can help not only 

to reduce power consumption but also, the configuration of the satellite plays a  robust role from 

the hardware perspective in the event of additive faults from the rate gyro sensors. 

The PFLA was also examined for its feasibility to perform rest-to-rest (P2P) maneuvers and 

attitude tracking maneuvers of the satellite angular velocity. The results indicated that the PFLA 

is able to stabilize the attitude of a satellite with an accuracy of ± 0.01° and also bring the 

satellite to its desired trajectory. 
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CHAPTER 4  

DESIGN AND SIMULATION OF A PUMPED FLUID 

SPHERICAL ACTUATOR 

 

IMITATIONS of existing actuators restrict the applications of satellites for space missions. 

It is evident from the research conducted by [29, 30] that passive attitude stabilization with 

the PFLA is only possible if the external disturbance torques act on the satellite about the PFLA 

torque axis. This assumption limits the effectiveness of the PFLA as the cross-sectional diameter 

must be significantly smaller than the radius of the loop, 𝐷 ≫ 𝑟. In practical applications the 

external disturbances will act on the satellite body and generate a resulting torque about some 

arbitrary axis that is not necessarily the PFLA torque axis. Therefore, in order to alleviate the 

assumption for the PFLA, stabilization torque must be possible about any arbitrary axis for 

passive methods.  

In order to effectively dampen external torques and provide stabilization about any arbitrary axis 

without singularities, studies in the literature as presented in Section 1.1.3 express the advantages 

of spherical design. By using this theory and applying it to the PFLA system, a novel fluid 

dynamic actuator known as the PFSA is proposed in this chapter. The PFSA takes advantage of 

spherical design for both active and passive attitude control unlike any actuator to date. By using 

wall friction effects through the principles of Hagen-Poiseuille flow, the PFSA can effectively 

passively stabilize a satellite subjected to external disturbance torques about any arbitrary axis. 

Furthermore, the PFSA is able to create CMG-like angles without the need for additional 

gimbals.    

This chapter is initiated by first introducing the fundamental design of the PFSA in Section 4.1. 

The governing equations and a simplified Hagen-Poiseuille flow are presented in Section 4.2. to 

validate the simulations carried out henceforth and to ensure the appropriate extrapolation of 

results for the PFSA are presented; the optimized design of the PFSA is introduced as 

determined from CFD analyses and its active and passive capabilities are demonstrated through 

L 
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simulation in Section 4.3; and, the PFSA is introduced as a simultaneous sensor in the event of 

rate-gyro failure. Lastly, the conclusions are presented in Section 4.4.   

4.1 Design  

The structural design of the PFSA is inspired by the studies conducted on the Earth’s dynamo 

effect wherein the angular momentum of the molten outer core generates Earth’s magnetic field. 

The liquid outer core behaves similar to 3-dimensional Hagen-Poiseuille flow, a simplification of 

which has been studied in Section 4.2. The Earth’s crust acts as one wall, and the solid inner core 

acts as the second. This method is entirely passive and requires no external involvement to 

operate. By scaling this natural phenomenon and examining its effects through Hagen-Poiseuille 

flow, a damper is designed wherein fluid has the ability to rotate in the volume generated 

between two concentric spherical shells, this dynamo-like effect can then be regarded as a 

method of passive satellite attitude stabilization where the fluid dynamics can be obtained 

through computer simulation of the Navier-Stokes Equations (NSE).  

The PFSA has been designed with three pairs of inlets-outlets; one pair for each major axis of the 

satellite to which a pump is attached thereby providing three degrees of active attitude control. 

The flow is regulated from the inlet as it exits the pump, and returns back to the pump after the 

flow has rotated 315° inside the cavity as is illustrated by the internal section view in Figure 4.1. 

Furthermore, the inlets and outlets of the PFSA have been designed to be tangent to the internal 

surface of the cavity. This is to ensure that as the fluid enters and leaves the spherical annulus, it 

is not disrupting the rotation and/or direction of the flow. The bi-directionality of the pump 

allows for flow rotation in both clockwise and counter-clockwise directions inside the annular 

cavity. 

The configuration of the pumps is similar to an S3 configuration with one minor difference. Two 

pumps are positioned in-plane about two primary axes (roll and yaw) and, the other is positioned 

90° out of a plane from the third axis (pitch). The reason for this is to maximize the uniformity of 

the flow throughout the spherical annulus during the interaction of the fluid when pumps are 

operated simultaneously. 
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Figure 4.1: Design of the Pumped Fluid Spherical Actuator (PFSA) 

 

The thickness of the annular cavity i.e. (the difference between the radius of the inner face of the 

outer shell and the outer face of the inner shell) plays a significant role in the torque management 

of the fluid. With consideration and dependency on the pump performance (output flow rate), 

with decreasing inner sphere radius, the flow entering the annulus does not attach to the walls but 

rather falls into the cavity and does not effectively rotate around the circumference of the PFSA 

to provide control torque about its directed axis.  

To initiate the design of the PFSA, a base structural ratio between the inner and outer core was 

required and selected to match that of the Earth’s inner core ratio to its outer and given as ~ 2.86. 

Next, the design was integrated with SolidWorks Flow Simulation and FEA to obtain the torque 

and flow characteristics of the PFSA; this formed the basis of this study. The design was then 

altered by increasing and decreasing the inner core radius to determine the optimal torque-

generating ratio. After extensive studies, it was determined that the optimal radius ratio between 

the outer and inner spherical shell is 1.155 while using the same pump as the PFLA system and 

an outer shell diameter of 76.2 mm. This optimal ratio provides a balance between active attitude 

performance and passive attitude stabilization. 
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For the manufacturing of the PFSA model, the problem associated with modern ACSs that 

require high precision machining at increased costs has been addressed by its design through 

additive manufacturing methods. Advanced additive manufacturing has not been extensively 

explored for the purpose of ACSs of satellite and is introduced here for its simplification of 

design and capability for manufacturing internal structures, as required in the PFSA model. The 

PFSA takes advantage of additive manufacturing methods in order to reduce production cost and 

assembly costs while providing superior attitude control capabilities.  

4.2 Computational Fluid Dynamics Model 

In order to validate the numerical simulation using SolidWorks Flow Simulation for the PFSA 

flow field, a laminar flow between two parallel plates is analyzed, and the obtained results are 

compared against the available theoretical and experimental data in the literature.   

A laminar flow between two parallel plates is considered. Flow enters the channel from one end 

and exits at the other. Since the flow through the channel is symmetric, 2D symmetry can be 

used to simplify the problem.  The boundary conditions are set as a velocity inlet into the channel 

and a static pressure outlet. To ensure the accuracy of the mesh, the grid-independent solution 

has to be achieved. This approach involves the fine tuning of a mesh until the results between 

two different meshes converge within minor and acceptable error. The length of the channel is 

set to 200 mm with a height of 10 mm, as shown in Figure 4.2. A uniform inlet velocity of 0.01 

m/s is considered - the flow is considered to be steady-state, laminar, and fully-developed at the 

inlet boundary and a pressure outlet is defined and set to 1 atm.  

 

Figure 4.2: Channel Geometry 
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The flow is determined using the Navier-Stokes momentum equation along the x-direction as 

governed by: 

 𝑑𝑃

𝑑𝑥
=

𝑑𝜏

𝑑𝑦
= 𝑐𝑜𝑛𝑠𝑡 =

𝜏𝑤𝑎𝑙𝑙

ℎ
 (4.1) 

where 
𝑑𝑃

𝑑𝑥
 is the longitudinal pressure gradient along the channel, 

𝑑𝜏

𝑑𝑦
 is the flow shear stress across 

the channel opening, 𝜏𝑤𝑎𝑙𝑙 is the shear stress acting on the wall, and ℎ is the height of the 

channel. The fully developed flow profile for the Newtonian fluid (water) considered herein is 

presented as 

 
𝑢(𝑦) = −

1

2𝜂

𝑑𝑃

𝑑𝑥
(
ℎ2

4
− 𝑦2) (4.2) 

where 𝜂 is the fluid dynamic viscosity. The pressure gradient along the channel can be obtained 

using 

 𝑑𝑃

𝑑𝑥
= −

3𝜂𝑢𝑎𝑣𝑔

ℎ2
 (4.3) 

where 𝑢𝑎𝑣𝑔 is the average flow velocity defined by the volumetric flow rate divided by the 

channel cross-sectional area. To assess the governing computational fluid dynamic (CFD) 

problem, the channel model was designed in SolidWorks and presented in Figure 4.3. The 

obtained numerical results are compared against the available theoretical data provided in [65] at 

two locations: 1) a horizontal line along the channel located at h/2, and 2) a vertical line located 

at 20 mm before the outlet pressure boundary.  

 

Figure 4.3: Channel Model Designed in CAD for CFD 

 

Simulation results have been presented in Figure 4.4. The resulting velocity profiles at the 

channel outlet have been validated against theoretical results as presented in [65] 



CHAPTER 4 4.2 Computational Fluid Dynamics Model 
 

73 

 

 

Figure 4.4: CFD Couette-Flow Simulation Validation 

 

It is evident from the simulation carried out in this section that the results of this study match 

closely to the theory found in the literature as presented in [65]. The analysis of 2D laminar flow 

between two parallel plates provides validation and merit to the CFD simulation carried out 

henceforth in this study. The simulated case suggests an accuracy of ~1.2% to the results 

obtained in the literature. The validated CFD results obtained in this section along with the 

selected boundary conditions and flow field assessments will be extended to the PFSA as an 

approximation for Hagen-Poiseuille flow between two concentric spheres to produce the 

equation that defines the performance of the novel actuator. 
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4.3 Computational Fluid Dynamics Simulation Results and Discussion 

In this section, the performance of the PFSA is studied through CFD; and numerical simulations 

are carried out in order to determine its feasibility for active satellite attitude control and passive 

stabilization. 

4.3.1 Active PFSA 

In this section, the fluid dynamics results of the optimal PFSA configuration using the TCS-

M400S pump are presented as obtained from SolidWorks Flow Simulation. The inlet volumetric 

flow rate is set based on the 12V input of the pump Table 2.1 and the material of the PFSA for 

CFD simulation and building of the beta-prototype was selected as ABS plastic for its 

manufacturing process through additive manufacturing. 

The axis of rotation (AOR) of the fluid inside the cavity is dependent on the input voltage ratio 

of the pumps. With the operation of single pumps at any given instance, single axis control 

torques are made available to the satellite body. However, the advantage of the PFSA exists in its 

ability to operate like a VSCMG by simultaneously operating multiple pumps at variable 

voltages. The variance in voltage generates variable torques and changes the inclination angle of 

the AOR of the fluid. The combination of multiple pumps at steady-state creates a single fluid 

AOR that drives the attitude of the satellite about the specified axis. Several CFD cases are 

presented herein to illustrate the active performance of the PFSA. 

To ensure the validity of the CFD simulated results, the grid-independent solution was obtained 

using 359,633 total hexahedral mesh cells using the grid-independent solution for Medium-Fine 

mesh (Figure 4.5); the grid is presented in Figure 4.7. Figure 4.5 illustrates the grid-

independence for the PFSA CFD simulations wherein four mesh variations were considered to 

capture the flow regime: Coarse (4,810 cells), Medium (103,374cells), Medium-Fine (359,633 

cells), and Fine (1,315,200 cells). It is evident from Figure 4.5 that the Medium-Fine mesh is 

indirect agreement with the Fine mesh while using a much lesser number of cells and therefore 

reducing the computational cost.  
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Figure 4.5: Grid-Independent Solution 

 

Figure 4.6: Normalized Parameter Convergence Goals 

 

The validation of the CFD results is complimented by the convergence of the desired goals as 

illustrated in Figure 4.6 in order to correctly assess the flow regime inside the PFSA. 
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Figure 4.7: Grid Independent Fluid-Mesh for PFSA CFD 

 

Upon obtaining the CFD flow simulation results of the PFSA, the model was imported into 

SolidWorks FEA to obtain the torque output of the proposed actuator. Three mounting legs were 

designed and used as fixed joint constraints in order to obtain the resultant torque output of the 

PFSA system on to a fixed body. The legs were positioned 120° apart at 45° in-plane inclination 

angles as depicted in Figure 4.8. 

 

Figure 4.8: Finite Element Analysis of PFSA Structure (Fixed-Constraint) 
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(a) 

 

(b) 

 

(c) 

Figure 4.9: PFSA – Fluid AOR; (a) Roll, (b) Pitch, and (c) Yaw 



CHAPTER 4 4.3 Computational Fluid Dynamics Simulation Results and Discussion 
 

78 

 

The results presented in Figure 4.9 illustrate only a single rotational direction about the roll, 

pitch, and yaw fluid motion inside the annular cavity of the PFSA; the reversal of the pump 

produces identical results as depicted therein however in the opposing direction. It can be seen 

that the fluid flow is concentrated about the mid-plane of the respective rotation axis. As the flow 

enters the annulus, it begins to diverge out from the mid-plane. This fanning effect transfers 

momentum to the entire region of flow inside the annulus and is equivalent to “stacking” 

multiple PFLA with decreasing loop radii against one another. From the FEA model, the 

maximum torque generated by the PFSA about a single axis was obtained to be ~ 0.0175 Nm and 

is comparable to the maximum torque generated by the PFLA which is 0.0192 Nm.  

As aforementioned, the cavity thickness has been designed and optimized to eliminate fluid 

vortices and back pressures to occur when the flow enters and exits the annulus. It is evident 

from the results that the flow about the AOR is laminar and symmetrical about the mid-plane. 

The radii ratio of 1.155 ± 0.25 for this geometry ensures that the flow remains attached and aids 

in keeping the flow uniform inside the spherical annulus. 

The performances of the single-axis results of the PFSA are reflective of each induvial PFLA 

positioned about the primary body axes of the satellite. However, instead of requiring three 

individual systems, the PFSA compounds all three PFLA into a single and smaller device while 

maintaining the torque performance of the PFLA. The reduction in the size of the PFSA 

presented herein compared to the PFLA is accounted for by the additional volume of fluid that is 

encompassed inside the spherical annulus of the PFSA that inflicts and increased angular 

momentum per axis, thereby making up for its smaller size. 

Since the pumps of the PFSA operate using the same fluid reservoir inside the PFSA, they can be 

combined to produce CMG-like angles by varying the voltage ratio to two pumps simultaneously 

to generate a resultant AOR. The illustrations presented in Figure 4.10 demonstrate this 

phenomenon and are generated inside the PFSA by using a 12V input voltage from the pump at 

voltage ratios of 1:1 for pairs of pumps. In Figure 4.10a, a distinct 45° AOR is illustrated as the 

resultant of simultaneously operating the pitch and yaw axis pumps. Similar effects are presented 

in (b) and (c) wherein the 1:1 voltage ratio combination is shown to produce a new AOR of the 

fluid.   
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(a) 

 

(b) 

 

(c) 

Figure 4.10: PFSA 45° AOR, (a) Pitch-Yaw, (b) Roll-Yaw, and (c) Roll-Pitch 



CHAPTER 4 4.3 Computational Fluid Dynamics Simulation Results and Discussion 
 

80 

 

The AOR induced by the pumps is not limited to 45° and can be varied from 0° to 90° in each of 

the eight quadrants (Figure 4.11) based on the pump flow directions and the voltage ratio inputs 

of the operational pumps.  

 

Figure 4.11: Flow Quadrants of PFSA 

 

For instance, to the results in Figure 4.10a as obtained by inlets y1 and z1 as shown in Figure 

4.11 and their respective outlets y2 and z2. The AOR that is generated lies on the pitch-yaw 

plane and is inclined at an angle of 45° due from the roll-pitch plane due to the 1:1 voltage ratio 

of the pumps (i.e. the flow velocity ratio is also 1:1 due to the linear performance of the pump). 

By increasing the voltage for the inlets y1/z1 ≥ 1, the AOR angle will increase linearly between 

45° to 90° on the pitch-yaw plane. Conversely, by reducing the ratio of y1/z1 ≤ 1, the AOR will 

decrease linearly towards the pitch-yaw plane between 0° and 45°. To better understand the 

generation of an arbitrary rotation axis using variable voltage ratios, six cases are presented to 

illustrate this effect and are depicted in Figure 4.12. To obtain the results in Figure 4.12, voltage 

ratios are applied to two pumps, and a resultant AOR is obtained.   
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(a) 1:1 (60°) (b) 1.5:1 (35°) 

  

(c) 2:1 (20°) (d) 2.5:1 (15°) 

  

(e) 3:1 (12°) (f) 3.5:1 (10°) 

Figure 4.12: Variable AOR using Voltage Ratios on Roll-Yaw 
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The geometrical location of the pumps dictates the behavioral interaction of the fluid when 

multiple pumps are operating simultaneously. In order to obtain the optimal pump positions 

without over-actuating the PFSA, numerous variations of three pumps were considered that 

would generate control torques about any arbitrary axis when operating simultaneously. The 

positions presented in this study have been determined to be the optimal configuration. However, 

the current positions have one drawback when simultaneously operating inlet combinations (z1, 

x2) and (z2, x2). The reason for this is that the flow from z1 and z2 must travel 180° around the 

annulus before they interact with the x2 inlet flow. At the point of interaction, the flow velocity 

of x2 is greater than z1 and/or z2 and therefore provides a bias angle from the 45°. This effect 

can be recognized by Figure 4.10b wherein the flow AOR is inclined at ~ 60° from the roll-pitch 

plane in quadrant 4 at a 45° in-plane angle. This notion only exists for the specified inlet and 

outlet pair due to the difference in travel distance of the flow before contact. In inlet pairs of (x1, 

y1), (x1, y2), (x2, y1), and (x2, y2) the flow travels 180° from each inlet before contact, and 

therefore a uniform 45° is evident Figure 4.10c. Similarly, inlet pairs (y1, z1), (y1, z2), (y2, z1), 

and (y2, z2) have equivalent flow travels of 90° prior to contact and thus also generate a uniform 

45° flow. 

Lastly, to control the in-plane angle of the PFSA AOR, all three pumps can be simultaneously 

operated as depicted in Figure 4.13. Three additional planes of rotation can be generated that 

pass through the roll, pitch, and yaw axes at 45° planes when using 1:1:1 voltage ratios of the 

three pumps. The flow is able to move from the top four quadrants (1, 2, 3, and 4) in Figure 4.11 

to the bottom four quadrants (5, 6, 7, and 8) and vice-versa through the use of the pump direction 

sequences that generate CMG-like angles. The sequences are presented in Table 4.1 wherein one 

end of the bidirectional pump may behave as an Inlet or Outlet to reverse flow direction.  

Table 4.1: Pump Direction Sequences for CMG Angles 

Pump-Roll Pump-Pitch Pump-Yaw 

INLET INLET INLET 

INLET OUTLET OUTLET 

INLET OUTLET INLET 

INLET INLET OUTLET 

OUTLET OUTLET OUTLET 

OUTLET INLET INLET 

OUTLET INLET OUTLET 

OUTLET OUTLET INLET 
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Figure 4.13: PFSA Roll-Pitch-Yaw AOR 

As indicated by the results in Figure 4.13, the simultaneous operation of all three pumps allows 

for the control of out-of-plane AOR. Furthermore, the variability in the voltage ratios between 

pumps allows for the PFSA to cover variable in-plane and out-of-plane angles in all eight 

quadrants. This notion enables the PFSA to act as a gimbal and generate CMG-like axes of 

rotation about its center of rotation. However, due to the flow uneven flow travel distance 

between the yaw (180°) and pitch (90°) inlets before flow interaction, the 1:1:1 voltage ratio does 

not produce a 45° AOR about all planes. To alleviate this problem and increase the performance 

of the PFSA the positional drawback of the pump must be alleviated. This can be accomplished 

by incorporating one additional pump on the pitch-roll plane to ensure 90° flow interaction with 

the x1 or x2 inlet.  

4.3.1.1 Design Approximation for Active Model 

To simplify the complex mathematical model governing the behavior of the fluid inside the 

spherical annulus, the PFSA can be regarded as a product of sequentially smaller PFLA 

positioned tangentially alongside one another with reducing radii that maintain tangency about 
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the surfaces inside the annulus as presented in Figure 4.14. This simplification is introduced 

since the PFSA can rotate about any necessary arbitrary AOR. Thus, this simplified design 

ensures rotation about a single AOR. In order to maintain the same wetted surface area as the 

PFSA’s two concentric spheres, 75% of the additional wetted surface area in the simplified 

design is subtracted to account for an equivalent surface friction. 

 

(a) (b) 

Figure 4.14: Design Simplification for Active Attitude Simulations 

 

Figure 4.15: Applied PFSA Torque with Design Simplification 
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With consideration of Figure 4.15, the applied torque of PFSA can be approximated by using the 

applied torque of a series of connected PFLA and governed by 

 
𝜏𝑓𝑙 = 𝜏1 + 2∑𝜏𝑖

𝑘

𝑖=2

+ 0.75(𝜏𝑓𝑓1
+ 2∑𝜏𝑓𝑓𝑖

𝑘

𝑖=2

) (4.4) 

where 𝑘 is the number of PLFA required to fill half of the annular cavity inside the PFSA. By 

using the results obtained through FEA in Section 4.3.1 and the applied torque from Eq. (4.4), 

the attitude response of the PFSA can be approximated through numerical simulation as 

presented in the subsequent section. 

4.3.1.2 Attitude Maneuver Simulation 

To compare the active attitude maneuver performance of the PFSA with that of the PFLA, the 

initial attitude conditions are selected to match those of Section 3.3.1.2.  

 

Figure 4.16: Satellite Attitude Response 

It is evident from Figure 4.16 that the satellite reaches its desired attitude through a P2P 

maneuver in approximately 17.5 seconds. The attitude simulation results of the PFSA using the 
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simplified mathematical model are comparable to those obtained previously using the PFLA for 

the same maneuver as presented in Figure 3.6. Although the profile of the two cases is different 

due to the increase in frictional torque by a factor of approximately 1.5 as described by Eq. (4.4), 

both actuators are able to stabilize the satellite with similar settling times. 

4.3.2 Passive PFSA 

To overcome the limitations existing with the PFLA, in this section the PFSA’s unique ability to 

imposed control torques about any arbitrary resultant axis of rotation of a satellite subject to an 

external disturbance is addressed. The novel geometrical design of the PFSA alleviates the 

assumption of 𝐷 ≫ 𝑟 as considered when analyzing the PFLA system for passive stabilization. 

In the case of the PFLA, since the cross-sectional radius 𝑟 of the tube must be much smaller than 

the diameter of the loop 𝐷, the limitation imposes that a torque must only act about the torque 

axis of the loop or the frictional torque will not be significant to damp the satellite motion. 

Conversely, with the spherical design of the PFSA, the fluid is free to rotate about any arbitrary 

axis and is not limited to the assumption aforementioned. For the results presented herein, one 

direction of the flow is considered since the spherical design ensures symmetry about any 

arbitrary axis. 

4.3.2.1 Passive Stabilization 

Passive stabilization techniques including passive magnetic stabilization, gravity gradient 

stabilization, and aerodynamic stabilization in LEO harness the geometric and magnetic design 

of the satellite to passively stabilize the satellite. In general, stability is often only achieved about 

two of three rotation axes. For magnetic stabilization, the rotation about the magnetic axis is 

uncontrolled; for aerodynamic stabilization techniques, the roll is typically uncontrolled; and the 

boom axis is uncontrolled for gravity gradient methods. This section considers the practical 

passive stabilization application of fluid actuators that has not yet been considered in the 

literature. It is evident that studies in the literature, to date, [29, 30] make one critical assumption 

that does not apply in the real applications. This assumption is such that the fluid in PFLA loops 

can rotate about any eigen-axis and thus can provide passive stabilization through the fluid wall 

friction and satellite momentum exchange. However, this assumption is invalid for all external 
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disturbance cases but one; when the disturbance forces generate torques that act directly about 

the rotational axis of the PFLA. To mitigate this assumption, the works in the literature use 

PFLA with a loop diameter much greater than that of its cross-section. 

4.3.2.2 Satellite Model 

In this section, the satellite dynamic equations governing the passive stabilization of a satellite 

using fluid is presented. The fluid dynamics differ herein as compared to active control due to 

the absence of a pump. Herein, the control torque from the fluid is not due to the motor but rather 

the frictional torque generated between the fluid and walls.  

For passive stabilization, the angular momentum stored in the satellite is transferred to the freely-

rotating fluid inside the cavity, and the frictional torque acts to dampen the rotation of the 

satellite. The lossless angular momentum transfer between the fluid 𝐻𝑓𝑙 and the satellite 𝐻𝑠 are 

represented by the continuity equation as adopted from Eq. (2.31) as 

 (𝐽𝑠 + 𝐽𝑓𝑙,𝑠𝑢𝑚)𝜔̇𝐵𝐼
𝐵 = −𝜔𝐵𝐼

𝐵 ×
(𝐽𝑠𝜔𝐵𝐼

𝐵 + 𝐽𝑓𝑙𝜔𝑓𝑙 + 𝐽𝑓𝑙,𝑠𝑢𝑚𝜔𝐵𝐼
𝐵 ) − 𝜏𝑓𝑙 + 𝜏𝑒 (4.5) 

The resultant fluid angular velocity caused by the angular momentum exchange of the satellite 

onto the fluid can be described by Eq. (2.23) and Eq. (2.30) when 𝜏𝑚 = 0 and 𝜏𝑚𝑓 = 0. 

 𝐽𝑓𝑙𝜔̇𝑓𝑙 + 𝐽𝑓𝑙,𝑠𝑢𝑚𝜔̇𝐵𝐼
𝐵 = 𝜏𝑓𝑙 = −𝜏𝑓 (4.6) 

By substituting the fluid velocity obtained from Eq. (4.6) into Eq. (2.20), the damping friction 

torque can be found for passive stabilization. 

Passive stabilization using fluid can allow for greater fluid velocities to be obtained in the loops 

and cavities as the angular velocity of the fluid is no longer limited to motor saturation limits. As 

such, the effect of increased fluid velocity can produce friction torques that are greater than those 

presented during forced pump flow, to effectively stabilize a disturbed satellite by passively 

damping the angular velocity of the satellite to zero (𝜔𝐵𝐼
𝐵 = 0).   

In works conducted in the literature have examined passive stabilization for only small initial 

angular velocities and have not addressed the effects of large initial angular errors and their 

corresponding satellite response. Herein, several initial velocity conditions have been examined 
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to determine the effects of using fluid for both small and large initial disturbances and the 

performance of the fluid for such cases.  

 

Figure 4.17: Effect of Initial Satellite Angular Velocity on Passive Stabilization 

 

 

Figure 4.18: Effect of Initial Satellite Angular Velocity on Friction-Torque 

0 1 2 3 4
0

200

400

600

800

1000

1200

Orbits

|| 
s|| 

[d
eg

/s
]

 

 


0

1

 = [300,720,890]


0

2

 = [410,404,401]


0

3

 = [300,250,390]


0

4

 = [175,190,180]


0

5

 = [150,90,100]


0

6

 = [60,55,30]


0

7

 = [15,20,12]


0

8

 = [4,6,3]

0 1 2 3 4
0

1

2

3

4

5

6

7

8x 10
-3

Orbits

|| 

|| 

[N
m

]

 

 




1




2




3




4




5




6




7




8



CHAPTER 4 4.3 Computational Fluid Dynamics Simulation Results and Discussion 
 

89 

 

By examining the initial angular velocities from Figure 4.17 with their corresponding friction 

torque profiles in Figure 4.18, it is evident that a trend exists wherein the magnitude of the 

friction is proportional to the angular velocity of the satellite. The response is negative 

exponential wherein the rate of change of the friction torque is greater at higher velocities and 

reduces exponentially as the velocity of the satellite approaches zero. Furthermore, by a closer 

examination of the oscillatory profile in the norm of the angular velocity, it is clear that the 

oscillations are in agreement with those depicted in [29]. It has also been examined that the 

governing factors that affect the settling time are in fact attributed directly to the viscosity of the 

fluid and the geometry of the fluid cavities as governed by Eq. (2.18) to Eq. (2.20).   

Effects of Fluid Viscosity and Density 

The effect of fluid viscosity and fluid density on the satellite attitude response is also examined. 

Fluid viscosity and density are increased and decreased one at a time by a multiple of 10 while 

other fluid parameters are maintained as constant. The results are illustrated in Figure 4.19 and 

Figure 4.20, where it is examined from Figure 4.19 that as the fluid viscosity increases, the 

settling time decreases and vice versa. Conversely, as the fluid density increases in Figure 4.20, 

the settling time also increases.  
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Figure 4.19: Effect of Fluid Viscosity on Satellite Attitude Response 

 

Figure 4.20: Effect of Fluid Density on Satellite Attitude Response 
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4.3.2.3 Computational Fluid Dynamics Simulation 

 

Figure 4.21: PFSA Passive Fluid Rotation 

 

To illustrate the motion of the fluid inside the PFSA without active pumps, and only through the 

angular momentum transfer between the satellite and the PFSA, the satellite was subjected to an 

angular velocity of 5 rad/s about the yaw axis. Since the PFSA is fixed to the satellite body, the 

same angular velocity is induced onto the PFSA walls. The walls are defined as real walls inside 

the simulation boundary conditions and no inlet or exit velocity, or pressure is defined. The 

rotation of the fluid as depicted in Figure 4.21 is due to the friction effects at the wall surfaces 

inside the cavity and the angular momentum exchange between the satellite and the fluid.  By 

examining the left most side Figure 4.21 (blue region), a torsional profile is visible about the 

rotation axis. This torsion is due to the viscosity of the fluid and demonstrates the no-slip wall 
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boundary conditions of the flow; wherein the fluid velocity at the fluid-solid boundaries is equal 

to that of the solid boundary.  

The friction torque generated on the inner surfaces of the annulus have been extracted from 

SolidWorks CFD, and an equation relating the friction torque to the fluid angular velocity for the 

geometry considered herein has been obtained using a curve-fitting function governed by the 

second-order polynomial equation: 

 𝜏𝑓𝑓 = −(𝑠𝑔𝑛(𝜔𝑓𝑙) ∙ 2.47𝑒−8𝜔𝑓𝑙
2 + 3.46−7𝜔𝑓𝑙) (4.7) 

The wetted surface area of the PFSA is 31294.67 mm
2
 compared to 12534.4 mm

2
 for the PFLA. 

The significant increase in fluid-solid interaction results in increased friction by approximately 

one order of magnitude even though the diameter of the PFSA is ~2.1 times smaller than that of 

the PLFA. To better examine the passive advantage of the PFSA over the existing PFLA, Eq. 

(4.7) is used to examine the passive stabilization performance of a satellite equipped with the 

PFSA at its center of rotation; the results are presented in the following section.  

4.3.2.4 Passive Attitude Stabilization Simulation 

In this section, the performance enhancement gained from the increased surface area of the 

PFSA as opposed to the PFLA with respect to friction torque is demonstrated. The initial satellite 

state is subject to the following initial conditions  𝜃0 = (0° 0° 0°) and 𝜔𝐵𝑂0
= (62, −45,

−17) °/𝑠. By examining the results presented herein, it is evident that the satellite equipped with 

the PFSA stabilizes in ~ 15 orbits as opposed to 40 orbits as was obtained by using the PFLA in 

[29, 30].  
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Figure 4.22: Attitude Response for Passive Stabilization using PFSA 

 

Figure 4.23: Satellite Velocity Response for Passive Stabilization using PFSA 
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Figure 4.24: Fluid Angular Velocity for Passive Stabilization using PFSA 

 

Figure 4.25: Passive Stabilization Friction Torque from PFSA 
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In line with the approximate three-fold increase of wetted surface area in the PFSA cavity as 

opposed to the PFLA tube, the friction torque has increased by one order of magnitude and 

supplements the reduction in settling time. 

Furthermore, by examining the response of the satellite angular velocity, it is evident that the 

profiles between [29] for the passive PFLA differ greatly from those presented in Figure 4.23 

while using the PFSA. The PFLA profile suggests that the satellite experiences clockwise and 

counter-clockwise oscillations before settling. However, with the PFSA the satellite angular 

velocity is reduced without oscillation. This notion is caused by the unique ability of the PFSA to 

provide stabilization torque directly about the Euler-axis of rotation of the satellite; the rotation 

of the satellite about the single Euler-axis is simplified into a single-axis problem for the PFSA, 

and therefore the three-axis stabilization results generate single-axis response profiles for passive 

stabilization. 

The spherical configuration of the PFSA allows for passive stabilization performance that is 

superior to that achieved by the PFLA without the need for PFLA geometrical assumptions.  

4.3.2.5 PFSA as an Angular Rate Sensor 

To further the performance capabilities and the application using fluid actuators, this section 

examines the use of fluid to obtain attitude information in the event of rate gyro sensor failure for 

passive attitude stabilization. Without rate gyro information, the satellite command and data 

handling (C&DH) unit would be unable to determine if the satellite has been stabilized. Herein, 

the conservation of angular momentum is used to establish the relationship between fluid 

velocity and the satellite angular velocity while considering the dynamic equation adopted from 

Eq. (2.31) as 

 (𝐽𝑠 + 𝐽𝑓𝑙,𝑠𝑢𝑚)𝜔̇𝐵𝐼
𝐵 = −𝜔𝐵𝐼

𝐵 ×
(𝐽𝑠𝜔𝐵𝐼

𝐵 + 𝐽𝑓𝑙𝜔𝑓𝑙 + 𝐽𝑓𝑙,𝑠𝑢𝑚𝜔𝐵𝐼
𝐵 ) − 𝜏𝑓𝑙 + 𝜏𝑒 (4.8) 

Since 𝜔𝐵𝐼
𝐵 ×

(𝐽𝑠𝜔𝐵𝐼
𝐵 + 𝐽𝑓𝑙𝜔𝑓𝑙 + 𝐽𝑓𝑙,𝑠𝑢𝑚𝜔𝐵𝐼

𝐵 ) ≪ (𝐽𝑠 + 𝐽𝑓𝑙,𝑠𝑢𝑚)𝜔̇𝐵𝐼
𝐵  the simplified equation 

governing the angular velocity of the satellite from the fluid velocity can be approximated as 

 𝜔̇𝐵𝐼
𝐵 = −(𝐽𝑠 + 𝐽𝑓𝑙,𝑠𝑢𝑚)

−1
(𝐽𝑓𝑙𝜔̇𝑓𝑙 − 𝜏𝑒)  (4.9) 
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In the event of sensor failure where the angular velocity of the satellite is no longer available, the 

fluid angular acceleration, 𝜔̇𝑓𝑙, that may be obtained in practice using hall sensors, can be used to 

determine the velocity of the satellite and relay that information back to the C&DH by 

integrating Eq. (4.9). 

To understand this theory, it is evident from Figure 4.23 and Figure 4.24 that the in event of 

failure of the rate gyro, due to the proportionality of the fluid angular velocity and the satellite 

body rate, the fluid angular velocity can be used as a substitute to obtain the satellite angular 

velocity. The fluid velocity information can then be relayed to the C&DH of the satellite in order 

for the attitude determination subsystem to know when the satellite has stabilized about its new 

equilibrium attitude. In passive stabilization, since the fluid velocity behaves the same as that of 

the satellite however in the opposing direction, the equivalence in profile allows for the rate 

sensor information to be extracted from the fluid rotation.  

4.4 Conclusions 

In this chapter, a novel fluid actuator is proposed. The actuator, termed PFSA, takes advantage of 

spherical design for both active and passive satellite attitude control. The design of the PFSA is 

proposed, and CFD results are presented to illustrate the flow performance of the PFSA for 

variable voltage ratios. The torque generated by the novel actuator is examined through FEA, 

and its advantages in generating CMG-like angles are outlined. The torque generated by the 

PFSA is obtained and examined to be comparable to the performance of the PFLA for active 

control as found in the literature. A 3D printed prototype of the PFSA was manufactured and 

tested in a lab environment. The initial experimental results indicate ~ 15.8 mNm of torque 

generated about a single axis, yielding an accuracy of ~ 90% when compared with active CFD 

simulation results presented herein. More comprehensive experimentations should be conducted 

in order to fully define the attitude performance of the proposed actuator. 

CFD simulation results are used to obtain the torque model for the active and passive methods of 

the PFSA. The obtained models are simulated using MATLAB to examine the performance of 

the proposed actuator. The results indicate the feasibility of the PFSA for active control. 

Furthermore, it is demonstrated that due to the increased wall surface area, greater performance 



CHAPTER 4 4.4 Conclusions 
 

97 

 

is achieved for passive stabilization when using the PFSA as opposed to the PFLA. The friction 

torque generated by the PFSA is greater than that of the PFLA by approximately one order of 

magnitude.  

The effect of the initial angular velocity on the settling time of passive stabilization has been 

examined. The results of eight different cases indicate that the settling time is independent of the 

initial velocity and is dominantly affected by the viscosity of the fluid and the geometry of the 

fluid cavities. Furthermore, with increasing initial satellite angular momentum, the settling rate 

of change of the satellite decreases exponentially. The results of passive stabilization also 

suggested that the upper fluid saturation limit of 5.25 rad/s associated with active control can be 

surpassed in passive methods since the primary method of fluid motion is due to the angular 

momentum exchange between the fluid and the satellite. It is also illustrated that the fluid is able 

to store greater angular momentum in its passive state as opposed to its active state since it is not 

limited by the pump performance.   

The fluid motion inside the loops is then proposed as a supplementary replacement for the 

satellite rate gyro in the event of sensor failure. Due to the conservation of angular momentum 

exchange between the freely rotating fluid inside the loops and the satellite body, the angular 

momentum relation is used to obtain the satellite velocity from the ideal fluid motion. The 

simulated results indicate the feasibility of the proposed method. 

The results presented in this chapter set the foundation for a novel actuator device for satellite 

attitude control that is capable of generating control torques about any arbitrary axis of rotation. 

The proposed actuator simplifies three-axis passive stabilization into a single-axis problem and 

dampens external disturbances more effectively and efficiently than other fluid actuator devices. 
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CHAPTER 5  

THERMAL MANAGEMENT USING PFLA 

 

MALL satellites are often the preferred option for Earth observing missions due to their low 

cost. Modern space missions require complex payloads and thus result in increasing the 

overall satellite mass/volume budget. With increasing subsystem complexity, 

microelectromechanical (MEMS) systems are used to reduce cost, weight, and, power 

consumption. However, with continual high-performance requirements, heat is a by-product of 

the onboard electrical circuit in addition to the heat absorbed from the space environment. 

Satellites require thermal management systems to ensure the subsystems operate within their 

optimal performance characteristics to ensure the lifetime of the mission. The idea of combining 

subsystems to reduce weight and cost has become of increasing interest for researchers. In this 

chapter, the PFLA system is proposed as a combined attitude and thermal management system 

(CATMS).  

Satellite thermal heating is categorized under two classifications: environmental heating and 

dissipative heating. Environmental heating, as the name suggests, is due to the energy interaction 

between the satellite’s external surface and the space environment, primarily in the form of 

radiation caused by solar waves, charged particles, and other heavenly bodies. Environmental 

heating is generally managed by either reorienting the satellite body or by chemically treating the 

external surfaces. In contrast to environmental heating that is expansive and acts on the external 

surfaces of the satellite, dissipative heating is energy generated in the form of heat and typically 

released inside the satellite enclosure. All electrical subsystems inside the satellite dissipate heat 

during their operation. The heat is controlled by redirecting the energy to the external surfaces, 

via heat sinks and heat pipes that operate through convective and conductive heat transfer, where 

it is then rejected to the space environment. 

 

S 
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This study begins with a literature review of fluid based heat transfer methods in Section 5.1 and 

heat transfer theory in Section 5.2. A redesign of the PFLA for thermal management is presented 

in Section 5.3. Numerical simulations of the fluid heat transfer from a simulated satellite body 

are examined in Section 5.4 followed by conclusions in Section 5.5.     

5.1 Literature Review 

The concept of using fluids in space has become of increasing interest with advancements in 

fluid sealing technologies; most notably, the use of fluid for thermal heating and cooling of 

satellite components to maintain their allowable operating temperatures. A promising technology 

is through the use of micro-electromechanical systems (MEMS) that circulate fluid through 

microchannel heat exchangers via a pump - to remove excess heat from electronic components as 

analyzed in the works of Birur et al. [66]. 

Heat pipes are common passive mechanisms used to effectively transport excess heat from 

electrical devices to onboard heat sinks, thereby allowing the energy to dissipate into space [67]. 

A heat pipe is a sealed evaporator-condenser system that contains a wick structure lined on the 

inner surface of the pipe. The type of fluid and pressure inside the pipe is reflective of the desired 

operating temperature of the structure. As heat is applied to the pipe, the liquid in the wick 

evaporates and spills through to the hollow inner core as depicted in Figure 5.1. As the vapor 

diffuses down the length of the pipe, it enters an adiabatic state wherein the liquid and vapor 

phases of the fluid flow in opposing directions through the core and the wick. The vapor then 

enters the condensation stage due to the thermal gradient caused by a heat sink (condenser) and 

heat is rejected from the source [68]. 

Heat pipes have proven application in aerospace, and they transport thermal energy at rates far 

greater than most efficient solid conductors and provide a superior energy-to-weight ratio. 

Recent investigations have been carried out to develop a miniature loop heat pipe (LHP) which is 

comparable to heat pipes with the advantages of longer operating durations and can operate 

independently of gravitational forces [69].       
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Figure 5.1: Heat Pipe [70] 

Ku et al. [71] discuss the development of LHPs with two integrated evaporators and condensers. 

Their designs suggest the viability of such systems for serving as a thermal bus for multiple 

instruments onboard the satellite while reducing mass and radiator power requirements. Similar 

works by Wang et al. [72] demonstrate the high-performance and reliability of heat pipes for 

thermal management of miniature satellite. Several other investigations [73-77] confirm the 

validity of using LHPs to regulate the temperature of electronic components. In a recent 

publication by Ellis et al. [78] from Advanced Cooling Technologies Inc. two methods for 

passively managing the thermal environment for avionics in high temperatures are demonstrated; 

one approach of which uses the concept of LHPs to transport thermal energy to heat sinks. This 

method revealed a reduction in the temperature gradient by approximately 25°C. 

In a similar attempt to dissipate undesired heat from electronics, [79] presents a MEMS-based 

approach using liquid metal mercury as the working fluid to provide thermal management. With 

metals having superior thermal properties in comparison to water or alcohol based fluids this 

method outperformed water-filled heat pipes by a multiple of 2.7. Jia et al. [80] demonstrated 

through simulation the feasibility of a MEMS-based micro-channel that provides adequate 

cooling for a nanosatellite (satellite 1-10kg) using active thermal control strategies. Although 

several other techniques for monitoring and managing the thermal environment of electronics 

and satellite do exist [81-85] the methods considered for the purpose of this research pertain to 

those requiring the transport of fluid across channels and heat pipes as these methods can also act 



CHAPTER 5 5.2 Heat Transfer Model 
 

101 

 

as attitude control mechanisms by exploiting the momentum from the motion of the fluid. It is 

well known that satellite consist of various subsystems that work in parallel to perform the 

mission at hand, as demonstrated here; two of such systems are the attitude control and thermal 

management subsystems. However, with increasing the number, and inherently the mass of 

subsystems onboard, the cost of launch is proportionally affected. To address the increasing 

demand for producing lighter and more reliable satellite the industry is researching in methods to 

combine the functionality of multiple subsystems into one multi-purpose unit, CATMS. 

5.2 Heat Transfer Model 

In this section, the heat transfer models are presented. Typically, in the vacuum of space, the 

primary mode of heat transfer is through radiation; conduction and even more so convection are 

almost non-existent. However, the existence of a moving fluid medium inside the PFLA 

introduces convection effects between the fluid and loop walls and therefore must be examined 

in order determine the effective thermal management performance of the PFLA. In this section, 

the thermal models are presented as applicable to a satellite equipped with PFLA. 

5.2.1 Conduction 

Conduction is defined as the transfer of energy from high energy particles to those of lesser 

energy due to particle interaction. In gaseous and liquid states, conduction occurs due to the 

random collisions and diffusion of active molecules. In solid states, conduction is owed to 

molecular vibration in the lattice structure, and the transport of energy by free electrons and is 

directly proportional to its thermal conductivity, 𝑘 – a measure of the ability of a material to 

conduct heat. The rate of heat conduction through a medium is proportionally influenced by the 

temperature gradient across it and the heat transfer area, and inversely proportional to the 

geometric thickness of the medium and governed by 

 
𝑄̇𝑐𝑜𝑛𝑑 = −𝑘𝐴

∆𝑇

𝐿
 (5.1) 

where 𝐿 is the medium thickness, 𝐴 is the area, and ∆𝑇 =  𝑇2 − 𝑇1 is the temperature change 

across the medium. Eq. (5.1) suggests that the rate of heat conduction in a given direction is 
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proportional to the temperature gradient in that direction and is referred to as Fourier’s Law of 

Heat Conduction.  

5.2.2 Convection 

Convection is the method of energy transfer between a solid body and an adjacent liquid or gas 

that is in motion. Convection involves the effects of both conduction and fluid motion. The 

convection heat transfer is directly proportional to the velocity of the fluid. However, in the 

absence of bulk fluid motion, heat transfer occurs solely through conduction with an adjacent 

solid body. Two categories of convection exist: forced and natural. Forced convection occurs 

when fluid is forced to flow over the surface by external means such as a pump. In contrast, 

natural convection occurs when density differences due to temperature gradients induce 

buoyancy forces on a fluid. Heat transfer processes that involve the phase change of a fluid, as in 

heat pipes presented in Section 5.1, are considered to be convective as fluid motion is induced 

during the process.  

The rate of convective heat transfer is directly proportional to the temperature difference and 

expressed by Newton’s Law of Cooling given by 

 𝑄̇𝑐𝑜𝑛𝑣 = ℎ𝐴𝑠(𝑇𝑠 − 𝑇∞) (5.2) 

where ℎ is the convection heat transfer coefficient obtained experimentally whose value depends 

on multiple factors such as surface geometry and bulk fluid velocity and does not only express 

fluid properties. The value of ℎ ranges between 10-1000 W/m
2
∙°C for free convection of liquids 

and 50-20,000 W/m
2
∙°C for forced convection of liquids. 𝐴𝑠 is the surface area through which 

convection occurs, 𝑇𝑠 is the surface temperature, and 𝑇∞ is the fluid temperature sufficiently far 

from the surface. At the surface of the solid body, the fluid temperature and body surface 

temperature are equal. Simply put, convection is “conduction with fluid motion”. 

5.2.3 Radiation 

Radiation is the energy emitted by matter in the form of photons due to changes in the 

configurations of electrons in atoms or molecules. Unlike conduction and convection which 

require a medium in order to transfer energy, radiation does not require any medium and is the 
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primary source of thermal energy transfer in the vacuum of space. Thermal radiation is one form 

of electromagnetic radiation that is emitted by all bodies given that their temperature is above 

absolute zero or -273.15 °C. The radiation emitted internally in materials such as metals and 

wood never reaches the surface, and surface radiation incident on such bodies is typically 

absorbed within a few microns from the surface. The maximum radiation emitted from a surface 

of area 𝐴𝑠 is governed by the Stefan-Boltzmann Law as 

 𝑄̇𝑒𝑚𝑖𝑡 = 𝜀𝜎𝐴𝑠𝑇𝑠
4 (5.3) 

where 𝑇𝑠 is the thermodynamic surface temperature, 𝜎 = 5.67 × 10−8𝑊/𝑚2 is the Stefan-

Boltzmann constant, and 0 ≤ 𝜀 ≤ 1 is the surface emissivity that measures how closely a real 

surface resembles a blackbody - an idealized body that emits the maximum radiation for which 

𝜀 = 1.  

Complementing the emissivity of a surface, the absorptivity 𝛼 describes the fraction of radiation 

incident on a surface that is absorbed by the surface and has a value of   0 ≤ 𝛼 ≤ 1, where 𝛼 = 1 

is a blackbody that completely absorbs the radiation incident on it. Generally, 𝛼 and 𝜀 of a given 

surface are dependent on temperature and radiation wavelength and are equal. Therefore, the rate 

at which a surface absorbs radiation can be obtained from 

 𝑄̇𝑎𝑏𝑠𝑜𝑟𝑏 = 𝛼𝑄̇𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 (5.4) 

and the portion of the radiation that is reflected away from the opaque surface is calculated by 

 𝑄̇𝑟𝑒𝑓 = (1 − 𝛼)𝑄̇𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 (5.5) 

The net radiation heat transfer is calculated as the difference between the energy absorbed and 

the energy emitted and governed by 

 𝑄̇𝑛𝑒𝑡 = 𝑄̇𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 − 𝑄̇𝑒𝑚𝑖𝑡 (5.6) 

In general, it is difficult to determine the net heat transfer rate between two surfaces since it 

depends on multiple factors such as the properties of the surfaces, their orientation relative to one 

another, and the interaction of radiation with the medium in between the surfaces. However, a 

simplification of this model can be governed by 
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 𝑄̇𝑟𝑎𝑑 = 𝜀𝜎𝐴𝑠(𝑇𝑠
4 − 𝑇𝑠𝑢𝑟𝑟

4) (5.7) 

wherein Eq. (5.7) describes the net rate of radiation between a surface with emissivity 𝜀 and area 

𝐴𝑠 at temperature 𝑇𝑠 that is entirely enclosed by a larger surface with temperature 𝑇𝑠𝑢𝑟𝑟 and are 

completely separated by a gas that does not intervene with radiation. This is a special case that 

does not consider the emissivity and surface area of the surrounding face thereby suggesting that 

the heat transfer radiation rate from the surround body is negligible. 

Radiation heat transfer of a surface that is surrounded by a gas occurs in conjunction with 

conductive and/or convective heat transfer between the surface and the gas. Radiation is typically 

superior to conduction or natural convection, but negligible relative to forced convection. 

Applications using forced convection that involve surfaces of low emissivity and low to 

moderate temperatures generally disregard radiation heat transfer. 

5.3 Design of PFLA for Thermal Management 

The unique properties of the PFLA allow for a device that can provide convective heat transfer in 

an environment where convection is otherwise non-existent. To examine the thermal 

management capabilities of the PFLA in this chapter we consider the thermal interaction 

between the satellite, the electronics onboard, and, the PFLA. 

To exhibit thermal conduction through the copper body of the PFLA, the contact surface area 

between the loop and the heated surface must be maximized. The modern design of the fluid 

loop as a tube with a circular cross-section Figure 5.2(a) as examined by [29, 31, 86] does not 

allow for sufficient contact area with the satellite body and thereby cannot be used as an effective 

means of thermal energy transport, even though conduction. Herein, the cross section of the 

traditional PFLA is analyzed as a square with a circular cut-out Figure 5.2(b) in order to 

maximize the heat flux and thermal energy transfer between contacting surfaces. The proposed 

design has no effects on the attitude control performance capabilities; it simply provides the 

PFLA with thermal management capabilities. 
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Figure 5.2: PFLA Cross-Section, (a) Traditional, (b) Proposed 

 

The unique properties of the proposed PFLA allow for both conduction and convection to exist 

in the vacuum of space. Conduction will occur between the PFLA copper loop and the surface(s) 

it contacts i.e. PCBs or satellite structure. The thermal energy absorbed by the copper is 

transferred to the fluid by conduction and/or convection. The thermal energy is then dissipated 

from of the loop into a region of lower temperature. Generally, a greater contact surface area will 

result in increased thermal heat flux from one body to another. Furthermore, the presence of fluid 

inside the loops of the PFLA allow for energy transport through convection as the flow of fluid 

inside the loops is able to carry thermal energy across the loop. However, during the absence of 

fluid motion when the satellite is stabilized and requires no control torque input, the convective 

terms are null, and only conduction occurs between the fluid and the loop walls. 

5.4 Heat Transfer Simulation Results and Discussion 

In this section, results are presented to demonstrate the thermal management performance of the 

PFLA. Numerical simulations have been carried out using SolidWorks 2010 Flow Simulation. 

For each case considered in this section, the respective grid independent solution has been 

obtained to ensure the validity of the CFD results. The mesh inside the loop has been optimized 

to ensure the boundary layer is well captured by using increased mesh in the near wall region of 

the fluid-solid contact surface. In order to simulate a space-like control volume, an internal 

assessment is carried out to eliminate any convection effects with the external environment. 
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Figure 5.3: Grid-Independent Solution 

 

To save on computational costs and to ensure the validity of the grid-independent solution, the 

results in Figure 5.3 illustrate the fluid temperature variance between three different mesh 

scenarios through the origin of the cross-sectional area of PFLA across its circumferential 

diameter. The Coarse mesh uses 695,382 hexahedral cells, the Medium mesh uses 1,458,485 

hexahedral cells, and the Fine mesh uses 4,103,492 hexahedral cells. It is evident that the 

solution using the Medium mesh captures the thermal gradient in agreement with the Fine mesh 

at much lower computational cost. Therefore, the grid-independent mesh has been set up with 

1,458,485 total cells, wherein 458,550 are fluid cells, and 999,935 are solid cells (461,652 fluid 

cells contacting solids) and is depicted below. 
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Figure 5.4: Fluid Volume Mesh (Medium – Grid Independent Solution) 

 

Figure 5.5: Solid Mesh cross-section; (a) PCB, (b) Satellite Structure 

 

The mesh generated for the CFD model can be seen to have a high density at the outer edges of 

the fluid volume as seen in Figure 5.4 where there is a high thermal interaction between the 

copper tubing and the fluid. Furthermore, the higher density in that region allows for the wall 

boundary conditions to be captured. In Figure 5.5(a) the uniform cross-sectional mesh for the 

PCB is illustrated as well as that of the solid copper tube wherein it can be seen that the region 

near the flow interaction is again designed with high mesh density. Lastly, Figure 5.5(b) 

illustrates the cross-sectional mesh at the solid boundary of the satellite body. 

For simplification of the CFD model (and to save on computational costs), the simulated loop is 

modeled without the TCS-M400S pump. However, the inlet and exit boundary conditions in the 

CFD model are chosen so as to reflect the real operational performance of the pump. The pump 
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characteristics have been determined through experimental testing, the volumetric mass flow rate 

of the fluid at 12V input is found to be ~1750ml/min, and the corresponding output pressure as 

defined in the pump datasheet is ~5.5psi. The resulting fluid flow is laminar and fully developed 

as it enters the loop. This assumption is validated by the pump design as the flow that exits the 

pump outlet first travels through an extended output pipe before entering the PFLA loop. 

The material of the PFLA is selected as copper due to its high thermal conductivity. The fluid 

has been selected as ethylene glycol as it has the same consistency and density as water which 

makes it ideal for the pump (TCS-M400S) while ensuring operational temperature ranges in the 

space environment. The PCB has been selected as a standard FR4 4-layer board, and the 

structure of the satellite has been selected as Al 6061-T6. 

5.4.1 PCB Thermal Management 

For the first case considered in this section, the PFLA is positioned inside a satellite with 48% of 

its planar surface in direct contact with one face of the PCB; 48% of its planar surface in contact 

with the structure of the satellite and the remaining 4% is not touching the PCB or the satellite 

structure. The points of contact are solely from one planar side of the PFLA as depicted in Figure 

5.6. The average thermal power output of the PCB is selected a 5W and is in agreement with the 

energy output from subsystems such as the communications and command and data handling for 

nanosatellite [87]. The space environment is set to 60°C, and the initial fluid temperature is 

40°C. Two scenarios are studied in this section. The first considers a stabilized satellite where no 

fluid flow is present, and therefore only conduction effects exist, while the latter considers 

convection effects due to the thermal energy transport caused by the fluid rotation during the 

operation of the pump. To simulate the effects of convection using the pump, the inlet of the 

PFLA is selected as a mass flow rate based on the pump characteristics presented in Table 2.1, 

and the outlet is selected as a static pressure and is set to 5.5 psi based on the pump datasheet. 

However, to simulate conduction, the inlet is also selected as a static pressure at 5.5 psi. 
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Figure 5.6: Thermal Contact Point of PFLA with PCB and Body 

 

In the next two cases considered herein, the thermal energy transport enters and exits from only 

one side of the PFLA while its opposing face is open to the internal space environment of the 

satellite and is assumed to be isolated from external thermal radiation. 

5.4.1.1 Conduction 

The lack of fluid flow in the case herein eliminates convection, and only conduction effects 

become apparent. The heat emitted from the PCB is carried through the copper walls of the 

PFLA solely through conduction and then dissipated into the stationary fluid. The effects from 

the lack of fluid motion on thermal management capabilities of the PFLA are presented herein. 

By examining the steady-state surface thermal gradient of the PCB and colder satellite structure 

illustrated below, it is evident that the temperature gradient without fluid motion is symmetric 

about the horizontal axis. Therein, the maximum temperature at the contact surface between the 

PFLA copper tube and the PCB is 62.84°C. It is also clear that the 5W generated from the PCB 

increases its surface temperature to a maximum 70.85°C at the center. Furthermore, the PCB 

temperature at the center of the structure is reduced radially outward as it approaches the inner 

contact edge of the PFLA as shown in Figure 5.7. The position at which the PFLA contacts the 

PCB is cooler than the PCB itself and its temperature decreases as it approaches the cooler 

satellite structure. A light temperature gradient is introduced into the cooler satellite body as the 
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temperature of the fluid heats up due to the thermal conduction between the copper and the fluid. 

This phenomenon is well represented in Figure 5.8 where it can be seen that the temperature of 

the fluid above the satellite body is ~57°C and reduces to its saturated 54.75°C at the opposing 

end of the horizontal axis. By examination of Figure 5.8 it is made clear that the fluid 

experiences an increase of 22.84°C at the location of maximum heat absorption. 

 

 

Figure 5.7: PCB Thermal Gradient with Conduction 

PCB Satellite Body 
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Figure 5.8: Thermal Dissipation inside Wall and Fluid @ Loop Center-Plane 

 

Some portion of the heat has been transferred to the fluid as suggested by the increase in fluid 

temperature near the warmer region of the PCB. However in order to understand how effective 

the fluid has been to reduce the temperature of the PCB the following figures examine the heat 

flux between the PCB and the PFLA copper tube. Therein, it can be seen that the temperature of 

the fluid (Figure 5.9) is warmer near the surface of the PCB and decreases vertically as it 

approaches the top side of the tube cross-section. However, the temperature decrease is only 

0.06°C from 62.84°C at its closest contact point to the PCB. This is due to the small cross-

sectional diameter of the PFLA. At only 7.94mm in diameter, the vertical temperature gradient 

PCB Satellite Body 
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cannot be significant without fluid motion. By examination of Figure 5.10 it is also evident that 

copper tube has also reached a temperature of ~ 63°C. This saturation of the thermal energy 

between the fluid and the tube limits the thermal cooling capability of the PFLA. It can be seen 

from the heat flux in the figures below, that the copper tube absorbs the heat generated from the 

PCB and through conduction heats up the motionless fluid. 

 

 

Figure 5.9: Fluid Thermal Gradient & Wall Heat Flux @ cross-section of 62.84°C 

 

 

Figure 5.10: Fluid-Wall Thermal Energy Transfer @ cross-section of 62.84°C 
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Figure 5.11: Heat Flux of Satellite Structure@ cross-section of 62.84°C 

 

From the perspective of the satellite structure, Figure 5.11 shows that without fluid motion, very 

little heat flux is generated at the cooler satellite aluminum body; there is approximately 0.44W 

of thermal energy transferred into the cooler body. 

 

Figure 5.12: Thermal Analysis without the presence of Fluid 
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Figure 5.13: Thermal Analysis without Fluid (horizontal cross-section) 

 

By examining the temperature of the solid copper wall in Figure 5.8, and considering that the 

temperature of the fluid is saturated by the temperature of the solid copper as depicted in Figure 

5.10, it is made evident that with the lack of fluid motion the transport of thermal energy is 

primarily through the copper and not the fluid. Therefore, the fluid does not play a significant 

role in cooling down PCB. To validate this theory, a thermal analysis was carried out without the 

fluid medium. The results are presented in Figure 5.13 and are in close agreement with those 

presented in Figure 5.7. By examining the results of Figure 5.13, the temperature saturation of 

the copper tube is clearly represented wherein the temperature gradients are reprehensive of 

those presented in Figure 5.10 with the presence of fluid.  Therefore, it can be concluded that if 

the fluid inside the PFLA is not rotating, the thermal dissipation of heat is dominant through 

conduction of the copper body of the PFLA and the fluid does not play a vital role in reducing 

the temperature of the PCB. 

The next case examines the thermal management capabilities of the PFLA while considering 

convection as caused by the rotation of the fluid.  

5.4.1.2 Convection 

In this section, the study examines the ability of the PFLA for the transport of thermal heat 

energy from one area to another. The study examines the pump operation at 12V that generates a 

clockwise volumetric flow rate of 2.917×10
-5

 m
3
/s. The initial temperature conditions and pump 

output pressure are set as previously indicated in this chapter. 

By initial examination of the thermal gradient illustrated in Figure 5.14 it is immediately evident 

that the maximum temperature that was experienced without fluid rotation on the surface of the 

PCB is decreased by 18.17°C in the presence of fluid motion. It is further illustrated that the peak 

temperature at the point of contact of the PCB and copper tube is reduced from 62.84°C to 

44.10°C.  



CHAPTER 5 5.4 Heat Transfer Simulation Results and Discussion 
 

115 

 

 

Figure 5.14: PCB Thermal Gradient with Fluid Convection 

 

At the surface of contact between the PFLA and the PCB, a clockwise twist-like effect of the 

temperature gradient is visible in Figure 5.14 and is directly attributed to the fluid rotation as can 

be seen in Figure 5.15. The temperature gradient of the PCB and satellite body suggest that as 

the fluid is ejected from the pump, it enters a cool region of flow and pushes the cooler fluid into 

the warm region of the loop that is in contact with the PCB. It can be seen at the surface of the 

PCB, that because of the fluid rotation, the hottest position along the base of the PFLA is moved 

~ 30° clockwise of the horizontal axis that saw the highest heat in the case considered previously 

without fluid rotation. The thermal transport of the fluid is better depicted in Figure 5.15 where it 
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can be seen that the fluid is bringing cooler temperatures into the PCB and absorbing the heat 

into the cooler satellite body. Furthermore, unlike through pure conduction that saturated the 

temperature of the fluid and the copper body, with convection is can be seen that the temperature 

at the surface of the copper tube in contact with the PCB is 44.34°C, yet the fluid at the same 

location is 43.49°C. This means that the fluid has been able to absorb greater thermal energy and 

transport it away from the heat source through the use of convection.  

 

 

Figure 5.15: Thermal Dissipation inside Wall and Fluid @ Loop Center-Plane 

PCB Satellite Body 
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Figure 5.16: Fluid Thermal Gradient and Wall Heat Flux @ cross-section 44.1°C 

 

 

Figure 5.17: Fluid-Wall Thermal Energy Transfer @ cross-section of 44.1°C 

 

It is also evident that higher thermal heat flux is generated at the horizontal plane of the PFLA as 

is demonstrated in Figure 5.16. Additionally, it can be seen that unlike the fluid thermal gradient 

that increased only 0.06°C vertically about the cross-section of the fluid reservoir in Figure 5.9, 

the temperature gradient is more prominent with flow as is seen in Figure 5.16. Therein, the fluid 

experiences a thermal gradient of 1.7°C, a factor of ~ 28 times that of what was examined 
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without fluid rotation. It is also evident from Figure 5.17 that the fluid is not saturated by the 

solid copper tube. A clear indication is visible of a cooler flow passing through the center of the 

cross-section that absorbs heat from the copper tube and therefore has a greater cooling effect on 

the PCB and limits the temperature of the copper from saturating the fluid. 

 

Figure 5.18: Heat Flux of Satellite Structure@ cross-section of 44.1°C 

With convection, the satellite body absorbs greater thermal energy that is transported from the 

PCB, and the heat flux is presented in Figure 5.18. Compared to Figure 5.11 where only 0.44W 

of energy was transported to the satellite body, through the advantage of convection ~ 8W of 

energy is absorbed by the satellite body in the case considered herein.  

 

Figure 5.19: Fluid Thermal-Transport at Circumferential Mid-Plane of PFLA  
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By examining Figure 5.19, it is clear that the peak temperature is transported 93 mm 

circumferentially closer to the cooler satellite body with the presence of fluid convection.  

The fluid transport capability for regulating the thermal heat of a PCB onboard a satellite has 

been successfully demonstrated in this section. It is established that the PFLA can be used to 

thermally cool a PCB or subsystem through the effects of conduction and convection wherein the 

latter presents elevated thermal cooling capabilities due to the ability of the fluid to transport the 

thermal energy away from the source and bring in cooler fluid.  

The next case examines the PFLA for the purpose of isolating the internal subsystems from the 

effects of the external environment. 

5.4.2 Thermal Isolation from External Environment 

In this section the PFLA is sandwiched between the satellite body and the constituent PCB is 

mounted on the opposing face of the PFLA in order to eliminate its direct contact with the 

external environment as shown below. 

 

Figure 5.20: Thermal Isolation of PCB using PFLA 

The steady-state results are presented herein and examine the point in time when the fluid 

temperature has been saturated inside the PFLA. The symmetry of the temperature gradient 

illustrated in Figure 5.21 shows that the maximum temperature reached by the PCB is 63.53°C 

on the surface of the board. The maximum temperature herein is less than the 70.85°C that was 

reached in the geometry proposed in Section 5.4.1.1. As seen therein, the saturation of the fluid 

temperature causes heat transfer to occur dominantly through the copper tube of the PFLA. 
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Similarly, in this section, the saturation of the fluid results in thermal dissipation to occur 

primarily through the copper tube.  

 

 

Figure 5.21: Thermal Gradient of PCB and Satellite Structure Surface 

 

Satellite Body 

PCB 
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The effects of fluid flow through convection do not carry any added benefits in this section since 

the entire fluid is saturated at the same temperature as shown in Figure 5.22. The thermal heat 

transfer travels from the warmer PCB through the copper and is dissipated into the satellite 

structure as illustrated by the direction of the heat flux arrows in the image below. Furthermore, 

due to lack of fluid motion, the temperature gradient of the fluid is again seen to decrease 

vertically above the PCB. Although the gradient is not significant at 0.04°C (similar to 0.06°C as 

was seen before in conduction), the increase of contact surface area of the copper with the cooler 

satellite body significantly increases the temperature gradient of the PCB and transfers greater 

thermal energy to the satellite body thereby decreasing the temperature of the PCB.   

 

 

Figure 5.22: Thermal Energy Transport from PCB to Satellite Structure  

In this section, the application of the PFLA for thermal isolation of the PCB board from the 

satellite structure has been illustrated, and the results indicated that heat transfer occurs through 

conduction between the PCB, copper tubing, and the satellite structure due to the temperature 

saturation of the fluid. The results indicated that with the greater surface area of contact, the PCB 

temperature is able to maintain operational temperatures below the critical temperature of 70°C 

(temperature subjected to electronics during hardware testing). In the next case, the PFLA is 

examined for the cooling of single critical components onboard the satellite. 
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5.4.3 MEMS Thermal Management  

In this section, the PFLA is demonstrated for its thermal cooling capabilities of critical 

components on board a satellite. For instance, the power amplifier of the communications 

subsystem produces high power output and therefore generates heat that could increase the 

temperature of the component above its maximum operating temperature when subjected to 

elevated environmental temperatures. 

Herein the PFLA is positioned such one of its surfaces is in contact with the satellite body, and 

the heat generating unit is positioned so as to contact the circumferential surface of the PFLA as 

illustrated below. The PCB is not in contact with the satellite surface in order to isolate it from 

conduction through the satellite body and eliminate any environmental effects. 

 

Figure 5.23: Thermal Dissipation from Critical Component 

With reference to the design of the PFLA, since the contact between the PFLA and the power 

amplifier creates a thin edge, the surface of the PFLA tube is cut horizontally to sit on the 

component and maximize its contact surface area from a single edge to an area of 71.22436 mm
2
 

as shown in Figure 5.24. Since thermal conduction is dependent of contact surface area, the 

increase in contact area allows for higher thermal heat conduction to occur at that face and 

therefore thermally cool the power amplifier more effectively.  
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Figure 5.24: Contact Surface with Power Amplifier 

The power generation of the amplifier is set to 3W, and the initial satellite body is 60°C. Since 

the PFLA is in direct contact with the satellite surface, over time, the fluid temperature is 

saturated by the temperature of the satellite due to thermal conduction and is the case considered 

herein. While flow rotation, the thermal energy transport of the amplifier is illustrated in Figure 

5.25: 

 

Figure 5.25: Thermal Heat Transfer from Power Amplifier 

PCB 

Satellite Body 

PFLA 

Heat Source 



CHAPTER 5 5.4 Heat Transfer Simulation Results and Discussion 
 

124 

 

It can be seen that the thermal energy is transferred from the power amplifier to the copper 

tubing of the PFLA by conduction and then dissipated into the satellite aluminum body. The 

thickness of the component has been designed to 4mm; typical MEMS systems can have 

thicknesses of less than 2mm (therein the effects would be more prominent). By examining the 

power amplifier, it is clear that the temperature gradient caused by the PFLA is able to penetrate 

through the entire depth of the amplifier. As the thickness of the component increases, the depth 

of heat dissipation into the volume of the component decreases. Therefore, for thinner 

components such as MEMS microcontrollers, the PFLA would be able to reduce the overall 

temperature of the volume by approximately 5°C with only a small point of contact on the 

surface of the component. By maximizing the contact area, increased thermal energy can be 

absorbed from the heat source. It is further examined that a cooler flow exists in the core of the 

tube as opposed to the outer edges that are in contact with the copper thereby suggesting that the 

fluid is not saturated by the increase in thermal energy from the amplifier. 

By examining the heat dissipated from the copper tube into the moving fluid, Figure 5.26 

demonstrates that the fluid is transporting the temperature in the clockwise direction from the 

heated element as per the direction of the flow. Regions of the fluid that are farther from the 

heated element are approximately 60°C (as expected by the saturation of the external satellite 

body), and regions closer to the heated element have increased to ~62°C - 64°C. A similar notion 

is depicted herein as was seen in the convection case presented in Section 5.4.1.2 where the 

cooler fluid is able to transport the warmer fluid away from the heat source and is verified by the 

cooler inner core as aforementioned.  

Similar to before, the temperature of the cooler satellite body presents a twist-like thermal 

gradient due to the rotation of the fluid transporting heat across the circumference of the PFLA. 

Moreover, it is evident that on the surface of the satellite closest to where the heat has been 

absorbed by the PFLA, the thermal heat dissipation from the power amplifier has been absorbed 

and transferred into the satellite body through conduction hence increasing its temperature in that 

region to ~65.5°C as depicted in Figure 5.27. It can also be seen that the heated temperature 

absorbed into the satellite solid body in Figure 5.27 is skewed clockwise. This confirms the 

effects of convection due to the fluid rotation; the effects are presented by the green region that is 
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shifted up from the center of the plate – results that are in agreement with the flow rotation 

depicted below by the similar green region. Thus, the thermal energy is indeed transported 

farther from the heat source due to the effects of convection. Without convection, the thermal 

gradient would be symmetric about the horizontal axis, and the lack of flowing fluid would not 

transport the heat away from the source thus resulting in less energy being absorbed from the 

power amplifier.  

 

Figure 5.26: Temperature Gradient of Fluid and Solid at Mid-Plane of PFLA 

PCB 
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Figure 5.27: Solid Surface Temperature Gradient 

 

In this section, the application of the PFLA was examined for the thermal management of a 

single critical components onboard the satellite and the results indicated that in the presented 

configuration, thin (less than 4mm) MEMS components can be thermal cooled using the external 

environment through flow rotation that induces convection. At lower environmental 

temperatures, such as  when the satellite is on the dark side of the Earth or, when the satellite 

face equipped with the PFLA is not facing the sun, greater thermal cooling can be achieved using 

Satellite Body 
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the PFLA. This is due to the lower saturated temperature of the fluid that can effectively 

transport greater heat away from the component and bring in cooler fluid to the area.   

5.5 Conclusions 

In this chapter, the thermal management capabilities of the PFLA are studied to determine the 

feasibility of thermal conduction and convection for maintaining operational temperatures of 

electronic components and subsystems onboard a satellite. Three configurations of the PFLA 

have been studied, and it has been determined that in the presence of fluid rotation, the 

convective effects that are introduced are able to provide thermal transport capabilities of up to ~ 

20°C. 

While the temperature of the fluid inside the PFLA is below the temperature of the electronics, 

the effects of thermal convection will aid to maintain the thermal operating range of the 

electronics to which the PFLA is attached. Furthermore, the PFLA can be used a device to isolate 

the PCB board from the surface of the satellite body in order to provide a method of thermal 

management while using the environment to its advantage. The thermal energy transport of the 

PFLA has been determined to be inversely proportional to the temperature of the satellite body to 

which it is attached. Therefore, a satellite requiring high thermal heat dissipation may turn its 

face with the PFLA attached away from the sun to cool down the fluid through conduction of the 

cooling satellite body, and simultaneously use the cooler fluid to perform thermal transport of 

heated elements inside the satellite.   

In the absence of fluid rotation, the mode of energy transport by conduction has been recognized 

as dominantly through the copper tube and not the fluid. The lack of fluid rotation inside the 

PFLA causes temperature saturation of the fluid and therefore renders the fluid ineffective. 

Although through conduction the temperature of the heated element such as a PCB board can be 

reduced by ~7°C in the regions neighboring the PFLA structure, the presence of convection 

effects is able to further reduce the temperature by approximately three folds before the 

temperature of the fluid is saturated.   
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CHAPTER 6  

CONCLUSIONS 

 

HE primary and most advantageous aspects of the PFLA have been overlooked in the 

literature and are presented in this dissertation from a practical perspective while 

considering the necessity of simulations to take into consideration the dynamics imposed onto 

satellites during actuator saturation. PFLA have been introduced as combined attitude and 

thermal management systems, yet very little examination is carried out in the literature to address 

their thermal management capabilities. This dissertation provides a completed analysis on the 

PFLA that examines all its performance aspects including, active and passive attitude 

stabilization, active attitude rest-to-rest maneuvers, real-time active attitude maneuvers, 

hybridization of the passive and active method for fault-tolerant control, and provides a 

comprehensive examination of the thermal management capabilities of the PFLA. Furthermore, 

the performance limitations of traditional passive stabilization methods are overcome with the 

design and development of a novel spherical fluid dynamic actuator. 

6.1 Summary of Contributions 

In this section, a review of the major contributions of this dissertation is presented. The 

contributions are categorized based on the previous chapters. 

6.1.1 Nonlinear Voltage-Driven Control Law and High-Fidelity Actuator Torque Model 

Ignoring the actuator dynamics in the control of rigid manipulators can in practice result in 

performance degradation or loss of system stability [2]. Generally, input control torque does not 

consider the dynamics of the actuator but only torque limitation of the system. The absence of an 

actuator model does not appropriately reflect the performance of theoretical control algorithm for 

practical applications.  

A gap exists in the model defining the performance of the PFLA due to the lack of a high-fidelity 

actuator model that also considers the hardware saturation and applied torque capabilities of the 

T 
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PFLA. A clear assessment cannot be made against the performance of said actuators and their 

benefits, or lack thereof if the full actuator dynamics is not considered. This dissertation presents 

a high-fidelity model of the PFLA in order to examine the system from a practical perspective. 

In this study, a control technique is proposed that takes into consideration the problem of 

actuator saturation from a hardware perspective not considered in the literature. The proposed 

technique can be applied to any control algorithm for practical implementations. The model 

adjusts the control output torque from the control algorithm to reflect the hardware performance 

of real systems wherein the applied torque to the satellite is zero during states of constant angular 

velocity. Herein, a nonlinear voltage-driven control law is developed that drives the physical 

motor voltage as opposed to control torque. The controller is applied to a high-fidelity PFLA 

model to examine the performance of the actuator system for satellite attitude control. The 

method validates the compatibility of the control algorithm with the PFLA system while 

demonstrating the application of the PFLA.   

6.1.2 Attitude Tracking Maneuvers 

Analyses carried out in the literature have not examined the application of the PFLA for attitude 

tracking maneuvers. This study presents, a first account in the literature wherein fluid is used to 

perform rest-to-rest and attitude tracking maneuver with consideration of the complete motor and 

fluid dynamic models of the PFLA. The nonlinear control algorithm used in the literature is 

modified to control the voltage signal of the actuator directly as opposed to control torque. The 

performance of the PFLA is examined, and its optimal power configuration is obtained. The 

study entailed presents a complete and practical examination of the PFLA not found in the 

literature.   

6.1.3 Novel Actuator Design  

The control and generation of magnetic fields either through magnetic coils or permanent 

magnets has allowed for the development of sophisticated spherical devices that offer complete 

360° control while eliminating hardware singularity constraints. The spherical electromagnetic 

actuators are unrealistic for satellite attitude control in their current state due to the complexity of 

their designs. 
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Furthermore, the passive attitude stabilization of satellite has been addressed in the literature 

through the use of environmental forces available in space and through limited number of 

hardware systems such as magnetorquers and the PFLA system. The existing hardware devices 

are limited in their ability to generate torques about any arbitrary axis; magnetorquers require 

being in line with the Earth`s magnetic field, and the PFLA can only stabilize torques if they are 

subjected directly about the torque axis of the loops. 

To address the limitations of existing methods, a novel patent pending [88] actuator developed 

based on the fluid dynamic principles of the PFLA is proposed. The actuator, termed PFSA, 

takes advantage of an innovative spherical configuration to provide passive control torques about 

any arbitrary axis. The single PFSA can replace three PFLA while providing comparable active 

control performance and superior passive control torques due to its unique design. The 

foundation of the proposed actuator is set in this dissertation in order to extend the innovation in 

actuator technologies.  

6.1.4 Attitude Stabilization with Novel Actuator  

The examination of attitude control while considering sensor failure or the absence of sensor 

information has become of increased interest in the literature. To address this issue, fault-tolerant 

and robust control algorithms are proposed to perform parametric estimations of the lack of 

sensor feedback data. In this study, the fault associated with rate gyro failure is examined 

through the passive technique of a novel actuator system wherein the fluid angular velocity is 

used in place of the rate gyro sensor data. The proposed method extends the application of the 

proposed actuator to act as both an actuator and a sensor for performing simultaneous passive 

attitude control and determination.   

6.1.5 Thermal Management   

The combining of subsystems into a single multi-purpose unit is examined in the literature for 

the combined attitude and thermal management systems. Existing works in the literature examine 

the methods of magnetofluid dynamics that require high voltages for flow regulation and is 

currently impractical for its attitude performance capabilities. Through the history of the PFLA, 

the system has been proposed as a thermal management system but has not been examined for its 
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thermal transport capabilities. In this study, a first account of the thermal management 

performance of the PFLA is examined for practical applications. Extensive CFD simulations are 

carried out, and the practicality of the PFLA as a combined attitude and thermal management 

subsystem is presented as a first in the literature. 

6.2 Future Works    

In this section, research topics are introduced that will further extend the research entailed in this 

dissertation. The topics are intended to progress the advantages of using fluid as a combined 

attitude and thermal management system for small satellite deep space missions. 

6.2.1 Active Attitude Control using PFSA 

The foundation of the PFSA system has been set in this thesis, and preliminary research 

conducted through CFD and numerical simulations proposed the practicality of the system for 

active and passive attitude control of satellite. A comprehensive mathematical model of the fluid 

motion inside the cavity of the PFSA needs to be developed in order to examine its performance 

capabilities for active attitude stabilization and tracking maneuvers and to obtain a mathematical 

relationship between the applied voltage and axis of rotation; identifying the necessary voltage 

ratios that generate a specified AOR requires a complex reverse algorithm than what is used in 

this dissertation.   

6.2.2 Transient Analysis for Thermal Simulation 

The thermal analysis carried out in this dissertation examines the steady-state response of the 

PFLA system as a basis to examine the behavior and thermal transport energy of the fluid from 

the perspective of convection and conduction. The analysis of a transient flow simulation would 

help to understand the time dependency of the thermal management capability of the PFLA.  

6.2.3 Hybrid PFLA for Actuator Saturation 

In the literature, the PFLA and PFLA-like systems have been studied as either exclusively active 

or passive actuators. An examination of the hybridization of both passive and active methods has 

not been made. A hybrid technique would increase the operational capabilities of the PFLA to 



CHAPTER 6 6.3 Concluding Remarks 
 

132 

 

ensure stability without the need for peripheral devices such as magnetorquers for momentum 

dumping under actuator upper limit torque saturation. This hybrid method would provide a fault-

tolerant by design actuator that can perform its own momentum dumping. 

6.3 Concluding Remarks 

The performance of the PFLA system is thoroughly examined in this study from a practical 

perspective while simulation results illustrate the practicality of the proposed developments. The 

combined attitude and thermal management capability of the PFLA are also examined. This 

dissertation provides a completed analysis of the PFLA while examining aspects of the actuator 

that have to date been overlooked in the literature. The operating principals of the PFLA are 

extrapolated, and a new actuator based on spherical design is proposed that harnesses the 

capabilities of the PFLA while providing superior performance enhancements.  
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