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 The use of a solar sail allows a spacecraft to generate thrust at no expense of 

propellant. However, there is little data to quantify the effect of sail structure on thrust 

performance. The InspectorSat mission will use a microsatellite to autonomously 

perform close proximity manoeuvres to inspect a co-orbital solar sail. Using a novel 

microelectromechanical thruster for precision orbital and attitude control and a simple 

monocular imaging sensor for inspection, the InspectorSat will observe sail deployment, 

surface features and record measurements of solar radiation pressure. This work, 

therefore, reflects the mission analysis inputs to the PRECISE micro-chemical propulsion 

system development, demonstrating the utility of a microscopic, low impulse thruster for 

the actuation micro- and nanosatellite platforms. Simulation results are used to 

determine thruster performance and Δv requirements for deployment, rendezvous and 

inspection. The proposed inspection schemes are designed to allow the inspector to take 

advantage of multiple observation opportunities. The results of this study provide a 

comprehensive analysis of the manoeuvring requirements of a small inspector satellite in 

close proximity to a passive observation target. As such, the analysis demonstrates the 

practicality of the micro-chemical propulsion system for inspection manoeuvres. 
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I. Introduction 

lthough solar sails have now accumulated a modest degree of flight heritage [1-3], little data exists to 

illustrate either the geometry of a sail during and after deployment or the dynamics of the sail membrane during 

flight. To tackle this problem, the InspectorSat mission concept proposes the use of a tracking microsatellite 

flying in formation with a solar sail to autonomously observe and inspect surface features during flight. 

Manoeuvres suitable for the inspection of the sail during deployment, observation of sail surface features such as 

creasing and billow and measurement of Solar Radiation Pressure (SRP) have been conceptually validated for a 

50 kg or smaller microsatellite using a single imaging sensor [4]. Previous work has also aimed to develop sail 

reflectance models that provide light-maps highlighting observation opportunities and so-called “keep-out” 

zones, where specular reflections may either damage an imaging sensor or saturate the image [5]. 

 Close proximity on-orbit operations, however, such as collision avoidance and formation flying, also rely on 

the estimation of keep-out zones, defined by ellipsoidal volumes of position uncertainty in spacecraft 

trajectories. The magnitudes of these volumes are often based on statistical modelling of the error margins in 

trajectory estimates and are typically of the order of several kilometres [6, 7]. Precise sensing is required to 

provide relative motion predictions of sufficient accuracy that allow autonomous operations at much closer 

proximities, of the order of hundreds, tens or even fewer metres. In doing so, applications including mission 

lengthening operations, such as autonomous on-orbit servicing, repair, construction and reconfiguration, become 

possible. 

 Autonomous co-orbital motion and formation flying has been demonstrated on several small satellite 

missions to date, including the PRISMA and CanX-4 & 5 missions, shown in Fig. 2. Three Guidance, 

Navigation and Control (GNC) methods based on combinations of Global Positioning System (GPS), Radio 

Frequency (RF) and  visual measurements were utilised in the PRISMA mission [8]. New methods enabling 

formation flying by means of GPS measurements alone were demonstrated on the CanX-2 nanosatellite and are 

also planned for the CanX-4/5 mission [9]. While these methods have shown promising results, all of the above 

examples depend upon some level of cooperation from the target spacecraft. Furthermore, the continuous use of 

subsystems such as GPS is typically limited on nanosatellite platforms by constraints in the available power 

budget. Performing observations without the aid of GPS or other cooperative methods while in orbit requires a 

high performance and robust Attitude and Orbital Control System (AOCS), coupled with passive target detection 

sensors and a precise spacecraft actuation system. The purpose of the InspectorSat mission is to demonstrate 

A 
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such a system in the form of a “Visual Inspection Payload” (VIP), thus providing a platform for the direct and 

controlled on-orbit observation of a target spacecraft for extended periods of time.  

 The VIP will provide GNC telecommands based on predictions of the target spacecraft trajectory. The 

methods employed by this system are based on the monocular imaging of the target to provide estimates of the 

relative position and pose at close proximities. To enable the InspectorSat to maintain its planned trajectory 

relative to the target a highly responsive and precise actuation system is required. The use of a micro-chemical 

propulsion system (μCPS) – a mono-propellant hydrazine thruster based on the use of microelectromechanical  

systems (MEMS) – would provide such control that close-proximity inspection manoeuvres may be executed. A 

suitable system is under development as part of the “chemical-μPRopulsion for an Efficient and accurate Control 

of Satellites for Space Exploration” (PRECISE) project consortium, with the objective of producing a  MEMS 

hydrazine μCPS, similar to that shown in Fig. 1, capable of providing impulses of the order of 10mN [10].  

 The InspectorSat mission, therefore, aims to implement a high-precision AOCS that utilises such a thruster to 

 

Fig. 1. A prototype MEMS μCPS, shown with a 1 cent coin for scale (Image © 2012 EADS Astrium [10]) 

 

Fig. 2. Examples of cooperative relative motion missions 

(courtesy SSC Space [11] (a) and after Orr et al. [9] (b)) 

a) PRISMA Mango and 

Tango  

b) CanX-4 & 5  
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allow the execution of close-proximity, autonomous manoeuvres around a passive target. In this case, the target 

will be a solar sail spacecraft (SSSC), currently under development at the Russian aerospace company NPO 

Mashinostroyenia. In addition to acting as the target in the demonstration mission, it will also carry a PRECISE 

μCPS and perform its own manoeuvres and experiments during the InspectorSat observation campaign. Using 

the targeted performance characteristics of the μCPS, the thruster’s utility for the execution of the inspection 

manoeuvres can be validated. To do so, it is necessary to define attitude and orbital manoeuvre requirements 

which will allow the InspectorSat to complete its observation objectives. 

 The purpose of this paper is to study the performance of such a thruster to demonstrate its suitability as an 

AOCS actuator for the InspectorSat. Section II will provide a description of the mission concept; including the 

μCPS, VIP and AOCS elements and the solar sail target. Section III will discuss the manoeuvre requirements 

and modelling methodology used to estimate thruster utilisation. Section IV presents a nominal set of thruster 

performance specifications, based on those targeted in the PRECISE μCPS, against which the suitability of the 

system is validated for the actuation requirements of an inspection spacecraft. 

II.  The InspectorSat mission concept 

A. Mission overview 

The InspectorSat mission statement reads as follows: 

To demonstrate efficient and accurate control of a satellite using a micro-chemical propulsion thruster 

and visual inspection payload, enabling the development and execution of formation flying manoeuvres 

around a target solar sail spacecraft for the purposes of visual inspection and measurement of co-

orbital relative motion. 

 The initial stage in characterising this mission has been addressed in the analysis of light reflectance patterns 

and the identification of focal points where light intensity is greatest. Modelling billow sizes, folding patterns 

and material properties allows the estimation of where such points may occur relative to the sail surface [5]. In 

addition to the inspection of sail surface features, the proposed mission also involves the observation of the 

SSSC to characterise the relative motion of the two spacecraft. In total, this will require the use of μCPS for 

manoeuvres including launch vehicle separation, detumbling, observation of sail deployment and unfolding, 

rendezvous and orbit (re-)phasing and compensation for SRP. Further complexity is added by considering the 

resolution and field of view provided by a monoscopic imaging sensor. These data provide inputs for the 
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estimation of observation opportunities for a given co-orbital configuration and thus the utilisation requirements 

of a thruster system for spacecraft actuation.  

 These requirements, therefore, provide a baseline μCPS requirement to maintain position in formation, 

compensate for perturbing forces and perform inspection manoeuvres. Considering these motivations, two levels 

of objectives are proposed for the InspectorSat mission. The primary objectives aim to provide a technical 

demonstration of the novel hardware: 

 Demonstrate the µCPS thruster capability for AOCS actuation 

 Optically capture the solar sail spacecraft for relative motion estimation using the VIP 

The secondary objectives aim to demonstrate the scientific and mission-specific applications provided by the 

µCPS and VIP. That is, to: 

 Perform orbit maintenance, perturbation mitigation, formation flying and attitude control manoeuvres 

 Visually capture the solar sail deployment and surface features, including billow, creasing and folding 

patterns 

 Characterise SRP on the solar sail spacecraft by analysis of spacecraft relative motion estimates from 

the VIP and µCPS requirements to mitigate these effects  

B. InspectorSat payloads 

1. The PRECISE μCPS 

The InspectorSat mission will demonstrate the use of the µCPS being developed by the PRECISE 

consortium. The thruster provides a low mass, low volume monopropellant propulsion system with thrust 

performances suitable for orbital maintenance and attitude control of small spacecraft of up to 50 kg mass. 

Orbital maintenance manoeuvres typically require low-frequency high-Δv burns, necessary for co-orbital 

rendezvous, formation flying position holding and atmospheric drag compensation. Conversely, high-frequency 

low-Δv burns are used for manoeuvres necessary for SRP compensation, orbital maintenance and attitude 

control. 

Historically, such manoeuvres have been performed by various macroscopic thruster technologies, including 

electrostatics and electromagnetics, arcjets, resistojets, monopropellants, liquid and solid chemical propellants 

and cold gas jets [12]. The relative performance of these technologies is shown in Fig. 3, illustrating how 

monopropellant thrusters fill a performance gap between cold gas and liquid/solid chemical thrusters. Such a 
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thruster provides the mechanical simplicity of a cold gas system while allowing the utilisation of the propellant 

chemical energy through a catalytic breakdown mechanism. 

The PRECISE µCPS is a hydrazine monopropellant microthruster which incorporates new technologies 

constructed using MEMS processes. Monolithic hardware components found in typical monopropellant 

thrusters, such as valves, heaters and sensors, are substituted for equivalent micron-scale MEMS parts. The 

benefit of such technology is a significant reduction in mass and volume requirements – at the expense of the 

magnitude of the thrust – making a MEMS µCPS an ideal solution for implementation on small spacecraft 

platforms. MEMS thruster technology was flown on the PRISMA mission as a technology demonstrator 

experiment. Each module, shown in Fig. 4, incorporates four thrusters, including MEMS nozzles, valves, filters 

and heaters [13]. The PRECISE µCPS will further develop this concept to incorporate a micron-scale catalyst 

bed and improved component performance, to meet the thermal and pressure requirements a monopropellant 

thruster demands. A comprehensive discussion of the novel technologies employed by the PRECISE µCPS can 

be found in Reference [10].  

The performance characteristics of the µCPS tend themselves to allowing very small impulses, either through 

discrete “impulse bits” by using a fast acting valve or a continuous varying impulse with a proportional valve. 

One objective of the PRECISE project is to determine which approach is best suited to the MEMS 

manufacturing process. For the purposes of the analysis presented in this paper it is assumed that a proportional 

valve is used, providing a continuous, varying thrust when in operation. Such a thruster is beneficial on a small 

spacecraft as it provides impulses suitable for extremely precise orbital and attitude control, making the 

spacecraft an ideal on-orbit observation and inspection platform. 

 

Fig. 3. Comparison of thruster technology performance (after Sutton and Biblarz [12]) 
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2. Visual inspection payload 

The InspectorSat GNC system is incorporated into the VIP, where a closed feedback loop provides an 

estimation routine for the relative position and pose of a target spacecraft. These data are used to estimate the 

relative motion of the target spacecraft and, therefore, predict its motion on orbit. The precise estimation of 

position and pose parameters is required for the safe execution of close proximity inspection manoeuvres. The 

implementation of the μCPS provides an additional actuator for the control of the spacecraft motion. It both 

compliments more traditional attitude actuation systems, such as magnetorquers or reaction wheels, and provides 

a means for manipulation of the InspectorSat’s orbital motion. 

The GNC system architecture includes inputs from systems normally distributed around a spacecraft system 

and centralised through the on-board computer (OBC). Therefore, the VIP resides on a dedicated computing 

board and includes the functions relating to inspection manoeuvres, i.e. planning, control and frame 

transformation routines. Sensing of the target spacecraft motion is based on a monocular imaging sensor. The 

image frames are filtered to provide state parameters describing the relative motion of the target spacecraft. Real-

time processing provided by an FPGA soft-processor allows relative motion estimates to be incorporated into the 

InspectorSat GNC loop, complementing the orbit and attitude sensory data provided by GPS, sun sensors, star 

cameras or magnetometers. This data is fused to provide control inputs to the navigation computer path planner 

which is responsible for firing the AOCS actuators.  

The imaging sensor is a standard CMOS part equipped with a novel sphere lens. Initial ground experiments 

have focused on the use of a conceptual imager comprised of a 1.3 megapixel CMOS sensor paired with a 

uniform refractive index lens, 8 mm in diameter, constructed from S-LAH79 glass, with a refractive index of 

2.00. To mitigate the typical issue of interfacing such lenses to a commercial-off-the-shelf (COTS) planar sensor, 

 

Fig. 4. Cold gas MEMS micro-thruster (after Rangsten et al [13]) 



8 

 

a faceted FOFP is used to mount the lens to the sensor [14]. The nature of the optics allows a wide field of view 

of 120 degrees, while the FOFP allows the total package volume and mass to remain low. The complete imager, 

shown in Fig. 5, is less than 2 cm in height and has a mass of approximately 46 grams. The compact nature of 

this hardware naturally aligns with the low mass, low volume design requirements for the InspectorSat platform. 

C. Solar Sail Spacecraft  

The SSSC (“Vympel”) will demonstrate two elements of attitude and orbital control using solar sails; firstly, 

apogee adjustment using a solar sail and, secondly, attitude manipulation using a pair of “ailerons”. Launched in 

a stowed configuration, the 5 kg spacecraft is contained within a “corset”, permanently mounted to the launch 

vehicle upper stage. Upon separation, the supporting booms are opened in a similar fashion to an umbrella, 

providing an 8 m square surface area. The primary spacecraft systems are mounted to a 3 m boom attached to the 

centre of the sail. The μCPS thruster is mounted to the primary spacecraft, providing two degrees of rotational 

freedom (pitch and yaw). The boom also supports the pair of solar-ailerons, aligned with their longest dimension 

parallel to the face of the sail. The purpose of these secondary sails is to act as a control surface for the roll-

stabilisation of the sail structure.  

The μCPS will be used to introduce controlled perturbations under microgravity conditions that disturb the 

structure of the soil sail, using the assumption that the system acts in an elastic manner. Repeated yaw or pitch 

rotations of 90° about the SSSC centre of mass will instigate these disturbances. Each manoeuvre will comprise 

of a simple burn-coast-burn series to initiate and cancel the rotational motion of the SSSC. The burn times are 

limited by the structural strength of the spacecraft and the maximum rotational acceleration produced by the 

μCPS. Assuming a maximum thrust of 10 mN it has been estimated that 50 mL of propellant will allow 

approximately 20 rotational manoeuvres, with a total burn time of nearly 2000 seconds. 

 

Fig. 5. Sphere lens camera comprised of sensor, FOFP and sphere lens (after Laycock and Handerek [14]) 
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III. Inspection and co-orbital motion manoeuvres 

D. Formation flying configurations 

While the SSSC is performing its experimental manoeuvres the InspectorSat will be responsible for 

observing these changes in attitude and maintaining a relative position that avoids undesirable reflections. 

Furthermore, the solar sail orbital trajectory will also vary due to the incident SRP. The role of the InspectorSat 

must, therefore, include manoeuvres that allow the safe observation of the SSSC while maintaining the co-orbital 

formation. The difference in spacecraft mass-to-area ratios will result in a differential in SRP and atmospheric 

drag pressure between the InspectorSat and the SSSC. To do so, the comparative effects can be reviewed. The 

magnitude of SRP and drag forces as a function of altitude is shown in Fig. 6. At approximately 800 km, 

atmospheric drag is shown to be an order of magnitude greater than SRP. For SRP to be the dominant force, a 

minimum altitude of 1400 km is needed. Currently, the proposed mission orbit is at a sun-synchronous 

inclination and altitude of between 1500 and 2000 km. 

 Characterisation of perturbations on orbit due to SRP and inspection of other sail features will be 

accomplished by management of the relative motion between the two spacecraft. Three such manoeuvres are 

considered for inspection of a co-orbital target [4].  

Assuming the SSSC orbit is circular or nearly circular, a 2-1 safety ellipse trajectory relative to the SSSC the 

InspectorSat will remain within a range defined by its orbit. The motion is illustrated in Fig. 7a) and 

demonstrates how a complete relative orbit of the target spacecraft is achieved for every complete orbit of the 

Earth. The 2-1 ellipse is a stable, natural motion but will drift slowly relative to the target over the course of 

several orbits due to SRP and other perturbation effects. Such disturbances can be mitigated by the μCPS based 

on observations made by the VIP, forming the basis for the measurement of the relative drift of the InspectorSat 

and SSSC orbits. 

 

Fig. 6. Atmospheric (blue) and solar radiation (red) pressures as a function of altitude 
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Observation of the target spacecraft can be achieved either by maintaining a fixed orientation of the 

InspectorSat in either the Earth-Centric Inertial (ECI) or Local-Vertical Local-Horizontal (LVLH) frames. In the 

former case the maximum range of observation is limited by the Field-of-View (FoV) of the inspection camera 

optics. The latter case represents the more typical nadir-pointing mode of satellite operation and allows for the 

use of narrow-FoV or telephoto optics. However, active control is required to maintain pointing toward a target.  

Forced motion modes may also be used to manoeuvre the InspectorSat into a specific orientation relative to 

the target, e.g. to align the principal axis of the camera orthogonal to the sail surface. To achieve such 

manoeuvres, a “pogo” orbit can be used to maintain position above or below the target spacecraft with respect to 

the Earth. The pogo orbit is artificial and not naturally stable. When compared to the 2-1 safety ellipse, co-orbital 

motion by this method would require a more intensive regime of periodic thrusting, however, it would allow 

longer linger times around a specific position relative to the target spacecraft. The relative motion of the 

inspection platform takes the distinctive “tear drop” form shown in Fig. 7b). 

Finally, a “V-bar perch” configuration, as illustrated in Fig. 7c), would position the InspectorSat in an 

identical orbit to the SSSC in either a lagging or leading position along-track. Unlike the pogo orbit, the V-bar 

perch would require very little fuel to maintain its relative position but would require attitude manoeuvres by the 

SSSC in order to perform observation and inspection tasks. This simple co-orbital configuration does, however, 

provide a naturally fixed position relative to the SSSC in order to perform SRP drag characterisation 

measurements. 

E. Visual inspection of a solar sail 

For the InspectorSat to take images of the solar sail, an investigation into the solar sail billowing effect has 

previously been undertaken to find potential focal lengths and the resultant ideal point at which to take images 

[5]. At this position the light is sufficient to detect differences between the target satellite’s distance and attitude 

and avoid high intensity light areas. The general shape of the solar sail with solar radiation pressure on the sail is 

 

 
  

a) 2-1 “safety ellipse” b) “Pogo” motion c) “V-bar” motion 

Fig. 7. Co-orbital inspection trajectories 

x (zenith pointing) 

y (velocity vector) 

x (zenith pointing) 

y (velocity vector) 

x (zenith pointing) 

y (velocity vector) 
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analogous to a catenary described typically by Earth’s gravity on the curve where both shapes are defined by a 

uniform force exerted across the shape. A 3-dimensional model can be built to observe a generalised square solar 

sail shape. Adding stowage fold-marks and material effects, physically represented by wrinkles and creases, is 

achieved by using a number of directed Fourier-series saw tooth waves. 

To investigate the inspection opportunity of the sail, ray tracing of reflected sunlight is performed on the new 

solar sail model. Using an average light energy of 1370 W/m
2
, each ray can be divided into representative 

quantities and their reflected signature can be traced and followed to investigate light intensities at varying 

distances, as shown in Fig. 8 for a 4-quadrant sail (artificially heavily billowed for effect). 

This technique can then be used to investigate differing light reflection effects of: 

 Billow sizes – fully deployed fixed-boom sail, partial deployment of sail or booms 

 Folding patterns – sine, tan, sawtooth functions at varying heights and frequencies 

 Material properties – aluminium, mylar, teflon light coefficients and elasticity characteristics 

The new fold line reflections shown highlight the imaging opportunities in the direct sunlight focal point of 

the reflections, which can be used to estimate shape and attitude. Side lobe reflections can also be investigated 

where the macro-structure of the sail is observable at lower light intensities. At the focal points, the light 

intensity can be high and manoeuvres will be necessary to move to a safer viewing area where there is enough 

light to take images but also prevent saturation and damage to the imager. 

Considering such constraints, it is necessary to estimate the resolution requirements for inspection of the 

SSSC sail surface to determine the magnitude of formation separations. For surface feature and detail inspection 

the imager instantaneous field of view (IFoV), or angular resolution, can be calculated as a function of range, 

 
 

 

   

Fig. 8. Light energy levels for a solar sail (divided into 20 W bands up to 120 m) (after Bridges and Palmer 

[5]) 
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considering the angular FoV and candidate image sensor resolutions. Fig. 9 illustrates the effect of range on 

IFoV assuming a wide angle lens with a FOV of 120 degrees. 

Adding a further constraint of an ideal sail surface resolution of 0.01 m
2
/px, very close inspection proximities 

of under 50 m are required. In Fig. 10 the absolute minimum range required to meet the desired IFoV is shown 

with respect to sensor resolution. Inspection using a wide angle lens would require extremely close co-orbital 

manoeuvres at ranges of under 10 m, even with a high resolution sensor. Furthermore, higher resolution sensors 

typically trade resolution improvements for pixel sensitivity, due to limitations in the physical size of the sensor. 

Selection of an appropriate sensor will result from a trade-off study using sensor parts suitable for use in the 

space environment. 

F. Relative motion at deployment 

If the SSSC and InspectorSat spacecraft are mounted independently on the launch vehicle, any differential in 

the separation characteristics will result in a cumulative increase in relative distance during the early 

commissioning stages of the mission. Before rendezvous and phasing of the orbits can be considered, the 

spacecraft must be checked out for normal operations and brought into a stable attitude regime. The typical 

duration of this “launch and early operations” (LEOP) stage is assumed to lie between two and seven days. 

Therefore, after detumbling, a primary objective of the μCPS will be to approach the SSSC. To analyse the 

motion of the spacecraft orbits, two tools are used: 

 High precision orbital propagation using a Bulirsch-Stoer integrator with varying solar conditions and 

NOAA NRLMSISE-00 atmospheric drag and solar radiation models (locally called BSAT) [15] 

  
 

Fig. 9. IFoV as inspector-target range increases for a 

range of sensor resolutions (120 degree FoV) 

Fig. 10. Minimum range for 0.01m
2
/px 
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 Further analysis using SatLauncher, a custom formation flying visualisation tool developed at the SSC. 

The orbital motion of the respective spacecraft was propagated from identical initial conditions for a number 

of deployment scenarios, where relative deployment angle (α) and Δv differences were considered. The orbit 

injection scenarios which were considered were based on the following variables: 

 Altitude of 1500 km (fixed to ensure drag is not a key parameter in observed measurements). 

 α = 0 to 180° in steps of 10°. This relates to a rotation about the along-track axis. 

 Δv = 1 to 5 m/s in steps of 0.5 m/s. From the initial conditions, this initial acceleration is added to 

simulate ejection from the launch vehicle. 

The simulation variables were considered during a solar average environment where the solar flux at 10.7 cm 

(f107a) is 120 (electrons/cm
2
/s/sr) and geomagnetic kp-index is 14. For the purposes of this analysis solar 

average conditions were chosen.  

If the separation of the spacecraft is identical in terms of angular offset and velocity, the development of the 

relative range is due to differences in the SRP and other drag effects incident on the respective spacecraft. The 

resulting relative range of the two spacecraft over a period of seven days due to SRP only is shown in Fig. 11.  

Over the period of one week the natural increase in range reaches an estimated distance of 25.42 km. 

When considering the angular deployment difference between spacecraft ejection from the launch vehicle, a 

coupling in motion between the radial and along-track motion is seen. At ~90° (inclination dependant), there is 

minimal radial and along-track motion – leaving only cross-track motion. Despite this minimisation, a drift range 

of 200 km was estimated over the period of one week. When deployed at 180° or in opposite directions, a 

 

Fig. 11. Relative range with matched injection vector & magnitude 
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maximum drift range of approximately 3,500 km occurs in the same period of time. The development of the 

separation of the spacecraft due to angular differences at separation is shown in Fig. 12a). For rendezvous, a 

classic circular coplanar phasing manoeuvre is required to match semi major axis, a, and notably the true 

anomaly, ν. 

As with angular differences, the relative difference in ejection velocity from the launch vehicle ultimately 

leads to large relative ranges between the SSSC and InspectorSat. As shown in Fig. 12b), with 1 m/s difference 

in Δv, the relative range is estimated to reach approximately 1,800 km, increasing to over 7,000 km at 5 m/s Δv 

difference. Again, these large displacements would require a circular coplanar phasing manoeuvre to return back 

to the SSSC target. 

To perform cost optimal continuous thrust manoeuvres, the methodologies developed by Palmer and Sauter 

were used to determine the Δv rendezvous requirements for numerous trajectories [16, 17]. Table 1 and Table 2 

show the estimated Δv requirements to allow rendezvous of the spacecraft after one week of natural motion. 

Management of the total Δv can be achieved by performing low-thrust long-term μCPS burns or vice versa. 

Clearly, co-axial deployment of equal impulses is most desirable in minimising the total thruster utilisation and 

fuel quantity requirement. The results also highlight the diminishing returns of extending the burn duration. For 

example, in Table 2 the reduction factor of the integrated Δv between a 1 and 5 orbit burn is 55, which reduces to 

only 1.3 by extending the burn to 11 orbits. 

To visualise these relative motions, the SSC tool “SatLauncher” is used. SatLauncher is a Java-based orbit 

propagation and visualization tool designed for investigating deployment of satellite formations or clusters. The 

  

a) Effect of angular displacement b) Effect of Δv difference 

Fig. 12. Relative ranges with differing separation injection vector & magnitude 
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simulator allows the input launcher settings: altitude, radius, rotation rates, and satellite and deployment settings 

such as initial size, position on the launcher, deployment time, and velocity direction (in Cartesian or Epicycle 

coordinates). SatLauncher allows the user to visualise motion based on the Hills-Clohesy Wiltshire (HCW) 

equations, where classical orbital motion is rederived into a linearised Cartesian frame. The final derived 

equations for a safety ellipse, for example, are given in both x and y coupling, whereby any motion in the x-axis 

(radial) can be driven by the y-axis (along track) and vice versa. This is described in the following equations: 

 ̇  
   
 

 Eq. 1 

 ̇        
Eq. 2 

Utilising these equations, SatLauncher can visualise and control the relative drift between satellites ejected 

from a launcher or between the launch vehicle and its payload spacecraft. The variables tested in the previous 

high precision propagator are also used for input with SatLauncher. In Fig. 13 and Fig. 14, the effect of changes 

in Δv injection and angle of deployment, respectively, are shown. The Figures illustrate the immediate imaging 

opportunities and collision risks after launch vehicle separation. In particular, Fig. 13 shows the effect of varying 

Δv on the ellipse size; where Fig. 14 shows the effect of varying x-velocities on the final along-track positions. 

IV.   μCPS thrust requirements 

G. Fuel and performance estimates 

A typical mission will require further manoeuvres in addition to those necessary for rendezvous. These 

manoeuvres would make use of a microthruster over the course of its mission lifetime. Definition of a nominal 

mission comprised of such manoeuvres allows for the development of a Δv budget. The operational requirements 

Table 1: Local Frame Δv Requirements (angle difference) 

Solar Sail to InspectorSat 

Deployment Conditions 

Solar Sail to InspectorSat 

Range (km) 

Optimal (integrated) Δv Requirement (m/s) 

  1 orbit burn 5 orbit burn 11 orbit burn 

20° Angle, 0 Δv Difference 84.9192 41.5919 1.0390 0.4828 

40° Angle, 0 Δv Difference 400.2576     186.4709 4.2112 3.5774 

60° Angle, 0 Δv Difference 883.1932   388.6965 25.5587 21.0631 

Table 2: Local Frame Δv Requirements (Δv difference) 

Solar Sail to InspectorSat 

Deployment Conditions 

Solar Sail to InspectorSat 

Range (km) 

Optimal (integrated) Δv Requirement (m/s) 

  1 orbit burn 5 orbit burn 11 orbit burn 

0° Angle, 0 Δv Difference 24.6243 11.1148 0.2092 0.1526 

0° Angle, 1 Δv Difference 1838.40 1157.60 158.7388 112.2188 
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would use the steady state firing (SSF) thrust modes planned for the proposed µCPS thruster. The following 

analyses are based on the targeted performance parameters for the µCPS thruster: 

 Thrust: 1-10 mN 

 Isp ~180s 

 Operational mode: Steady-State Firing (SSF) 

 

The InspectorSat and SSSC missions represent a formation flying configuration. In practice, it would be 

desirable to utilise a combination of high-frequency short-duration and low-frequency long-duration burns. The 

final requirements are dependent on the manoeuvre classifications summarised in Table 3. These include 

detumbling, orbital adjustments for co-orbital motion such as natural motion formation flying, SRP drag 

compensation, momentum dumping and attitude control manoeuvres. A given mission will comprise of a 

number of these manoeuvres. Identification of the mission parameters, for example number of observations or 

total lifetime, allows a Δv budget to be compiled based on the total number of manoeuvres required for the 

mission. 

 

Fig. 13. SatLauncher output trajectories for deployment at varying velocities (1-5 m/s) 

 

Fig. 14. SatLauncher output trajectories for radially-spaced deployment (0-90°) 
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The calculation of a Δv budget is based on the ideal rocket equation. Two approaches are taken, one to define 

the mission utility in terms of the total Δv for a series of manoeuvres and a second in terms of the Isp and 

spacecraft mass. When implemented, longer burn durations of the μCPS are desirable to obtain a constant mass 

flow rate, targeted at 6 mg/s. As such, a conceptual mission profile has been defined in terms of Δv and burn 

duration, summarised in the right hand column in Table 3. The manoeuvres presented in this example have been 

selected to indicate a mission duration of approximately 6 months. The burn durations are otherwise arbitrary, 

but indicative of the manoeuvres that would be required for an inspection mission and provide a baseline 

analysis for revision as further mission parameters are defined.  Using the stated assumptions the total Δv and 

required propellant mass can be estimated. The results are summarised in Table 4 for spacecraft with masses of 

5, 10 and 50 kg at the maximum mission altitude of 2000 km.  

A low-frequency high-duration burn requirement for an attitude control manoeuvre, such as momentum 

dumping, for spacecraft masses within the 5 to 50 kg range is shown in Fig. 15. The axes show Δv requirements 

and propellant mass for relieving wheel saturation. In this example the use of an SSTL 10SP-M micro-reaction 

wheel is assumed. This wheel is suitable for the attitude manoeuvres required from a small satellite, such as 

InspectorSat. The results illustrate, therefore, that the µCPS thruster would be suitable for such attitude control. 

After rendezvous and in addition to attitude control, the remaining orbital control manoeuvres include SRP 

and atmospheric drag compensation, natural motion maintenance and station keeping. Due to SRP, station 

keeping is a necessary manoeuvre if a relative position to the target SSSC is required for observation purposes. 

Such a manoeuvre would be similar to the V-bar perch, in the following analysis an alternative perches of equal 

Table 3: Manoeuvre descriptions and nominal Δv requirements 

Manoeuvre Description Required Δv and 

burn duration 

De-tumble The mechanism of separation from the launch vehicle will 

induce unpredictable torques on the spacecraft body, causing it 

to tumble randomly. The AOCS will utilise reaction wheels and 

the thrusters to bring the spacecraft attitude into a controlled 

state. 

3 m/s for 18000 s 

Drift and 

rendezvous 

After detumbling, the orbital control system will utilise the 

thrusters to implement a trajectory to bring the InspectorSat to a 

position where co-orbital motion can be initiated. 

1.4 m/s for 8100 s 

Circumnavigation 

entry 

The thrusters are used to insert the InspectorSat into the desired 

inspection orbit in formation with the SSSC target. 

0.3 m/s for 1800 s 

SRP compensation To obtain accurate SRP measurements from SSSC observations, 

it is necessary to consider the thruster requirements to 

compensate for SRP on the InspectorSat 

0.1 m/s for 600 s 

Momentum wheel 

unloading 

Utilisation of the thrusters to compensate for momentum wheel 

spin-down 

0.05 m/s for 290 s 

Circumnavigation 

maintenance 

Maintenance of the co-orbital formation 0.05 m/s for 290 s 

Station keeping Compensation for other perturbations and orbital corrections 0.05 m/s for 290 s 
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distances along-track and in radial separation are considered, but assumes in-plane relative motion. The 

formation flying relative motion assumes maintaining perch distances of 1 m to 500 m for spacecraft with 

masses within the assumed range of 5 to 50 kg. Altitude is again fixed at 2000 km and a burn is required every 

60 seconds. In Fig. 16, propellant flow rate is presented for these spacecraft parameters. In Fig. 17, the fuel mass 

requirement to perform this manoeuvre in 10 minutes is presented.  

 The assumed Isp of 180 s is used in all of the above calculations. However, as the final µCPS thruster Isp will 

not be known until it is characterised experimentally, it is sensible to study the effect of variation in Isp for the 

proposed spacecraft masses and propellant mass estimates. This can be achieved through the use of a Dummkopf 

plot. The purpose of such analysis is to determine how Isp is affected by the inert mass of the spacecraft. This 

allows the assessment of sensitivity to minor differences in the final mass budget and thruster performance. 

In Fig. 18, a series of curves is presented for the three suggested spacecraft masses, representing a range of 

inert mass fractions assuming thruster dry mass to lie between 0.1 and 1 kg. This is based on a ΔV of 27.4 m/s 

and inert mass is equal to the assumed spacecraft masses, after subtracting the initial propellant estimates and 

thruster mass (i.e. the thruster wet mass). The three Dummkopf charts illustrate the magnitude of the inert mass 

fraction. At the nominal Isp of 180 s the slope of the plots are of a shallow gradient. This would suggest that small 

variations in thruster or spacecraft mass would have a lower risk of affecting thruster performance.  

 

 

Fig. 15. Δv and propellant requirements for momentum dumping on a single axis for a range of 

microsatellite masses 

Table 4: μCPS Δv and fuel requirements for inspection manoeuvres 

Satellite mass (kg) Estimated total  Δv (m/s) (inc. 15% error margin) Total fuel required (g) 

5 

27.42 

77 

10 154 

50 771 
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V.  Conclusions 

The analysis presented above has taken a nominal series of manoeuvres for which a microthruster with the 

performance expected of the PRECISE μCPS can be used. The results demonstrate the μCPS is capable of 

providing the actuation requirements necessary for on-orbit inspection of a target such as the SSSC. The 

activities expected of such a thruster include the technical capability to manoeuvre the InspectorSat around a 

target and also to enable new methods for the collection of scientific data, such as the measurement of SRP. 

Furthermore, the system design is also seen to be robust against variations in final thruster efficiency. Longevity 

of the thruster is dependent upon minimising total on time to extend the mission life time. As such. smaller 

spacecraft have been shown to be more suited to the PRECISE system as better agility provides a lower demand 

on the total fuel capacity required. Combining the launch vehicle separation to ensure deployment at similar 

 
 

 Fig. 16. Mass flow rate (g/s) for station keeping at 

2000 km altitude 

Fig. 17. Manoeuvre fuel requirement for station 

keeping at 2000 km altitude 

   

a) 5 kg spacecraft b) 10 kg spacecraft c) 50 kg spacecraft 

Fig. 18. Dummkopf charts for spacecraft with thruster masses of between 0.1 and 1.0 kg 
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velocities and angular displacements have also demonstrated how the total fuel and on-time requirements of the 

μCPS can be minimised to better aid in the longevity of the thruster lifetime 
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