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Small Satellite Formations for  
Distributed Surveillance:  

System Design and Optimal  
Control Considerations 

(RTO-EN-SCI-209) 

Executive Summary 
In Earth observation, the innovation potential by employing a distributed network of satellites became 
obvious from the tandem solutions of two satellites, having been realized so far. From 2008 on, 
constellations of satellites will be placed in orbit in order to provide higher temporal resolution in 
observation data and to achieve higher availability. Especially in emergency, surveillance and military 
observation tasks, such robust capabilities for observation are important. In addition by using groups of 
satellites, objects can be viewed from different perspectives in order to enable 3-dimensional 
reconstruction of data, in particular a virtual instrument can be realized with long baselines and a related 
high resolution. In case of failures, even graceful degradation capabilities are related to formations of 
satellites. Currently modern miniaturization techniques enable in parallel realisation of satellites at 
continuously smaller masses, leading to decreased launch costs. Thus currently a paradigm shift in Earth 
observation from single large satellites to groups of smaller satellites is occurring. 

This lecture series addresses crucial system design challenges in implementing satellite formations for 
telecommunication and surveillance, with emphasis on innovative techniques and their application potential. 
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Formations de petits satellites pour  
une surveillance distribuée: 

Considérations relatives à la conception de  
système et à l’optimisation des commandes 

(RTO-EN-SCI-209) 

Synthèse 
Dans le domaine de l’observation terrestre, le potentiel d’innovation représenté par l’emploi d’un réseau 
distribué de satellites est devenu évident dès la réalisation, à ce jour, d’un tandem de deux satellites. A partir 
de 2008, des constellations de satellites seront placées en orbite pour obtenir une meilleure résolution 
temporelle des données d’observation et pour obtenir une plus grande disponibilité. Ces capacités robustes 
d’observation sont particulièrement importantes, pour les missions de surveillance et d’observation militaire 
en période de crise. De plus, en utilisant un groupe de satellites, les objets peuvent être vus selon différentes 
perspectives afin de rendre possible la reconstruction des données en 3D, en particulier un instrument virtuel 
peut être réalisé avec d’importantes bases de référence et une haute résolution associée. En cas de panne, 
c’est grâce aux formations de satellite que le potentiel de dégradation est facilement aplani. Les techniques 
de miniaturisation modernes actuelles permettent par ailleurs la réalisation de satellites de moins en moins 
lourds réduisant ainsi les coûts de lancement. Ainsi, concernant l’observation terrestre, on observe un 
changement de positionnement avec le glissement des gros satellites uniques vers des groupes de satellites 
plus petits. 

Cette série de conférence traite des principaux défis de la conception de systèmes lors de la mise en œuvre 
de formations de satellites pour des missions de surveillance et de télécommunications, en mettant l’accent 
sur les techniques innovantes et leurs applications potentielles. 
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MISSION ANALYSES FOR LOW-EARTH-OBSERVATION MISSIONS WITH SPACECRAFT FORMATIONS
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Am Hubland

D-97074 Würzburg

Germany

schi@informatik.uni-wuerzburg.de

Abstract

The orbit properties for Earth observation missions will be reviewed, addressing Sun and Earth synchronous orbits as well as the determination of ground tracks, eclipse periods, ground station contact durations, surface visibility conditions. These properties for single spacecraft will be expanded to multiple distributed satellite systems. With respect to Earth observation such formations and constellations of satellites are used to achieve an improved temporal and spatial resolution for observations, in addition to higher responsiveness, robustness and graceful degradation in case of defects. Telecommunication links between the spacecrafts and towards the ground stations to form a mobile ad-hoc sensor network are analyzed.

1.0	INTRODUCTION

Distributed systems of small satellites offer interesting capabilities to complement traditional Earth observation satellites with respect to increasing temporal and spatial resolution. Observations of surface points from different viewing angles at very long baselines provide the potential for data fusion to derive 3-D-images. 

Groups of satellites are described as

· Constellation, when several satellites flying in similar orbits without control of relative position, are organized in time and space to coordinate ground coverage. They are controlled separately from ground control stations.

· Formation, if multiple satellites with closed-loop control on-board provide a coordinated motion control on basis of relative positions to preserve the topology. It is the collective use of several spacecrafts to perform the function of a single, large, virtual instrument.

· Swarm or Cluster, if a distributed system of similar spacecraft is cooperating to achieve a joint goal without fixed absolute or relative positions. Each member determines and controls relative positions to the other satellites. 

Examples for typical constellations are provided in different application fields, such as navigation (GPS, GLONASS, Galileo), telecommunication (TDRSS, Iridium, Globalstar, Orbcomm, Teledesic), remote sensing (Rapid Eye). With respect to formations, an example is provided by ESA’s CLUSTER mission to measure the 3-D-structure of the Earth’s magnetic field by a pyramidal shaped formation of satellites, or by ESA’s DARWIN mission to point synchronously five free flying telescopes towards one target point in order to achieve enough resolution to detect planets in remote solar systems (for further details see www.esa.int). Formations thus enable higher resolution imagery and interferometry.

For the self-organisation in groups essential ingredients are communication and control strategies. The system capabilities can be significantly increased by an appropriate combination of data from multiple cooperating technical components. Therefore in this article the orbit properties, and in addition also the flow of information between satellites by mobile ad-hoc networks (MaNets) and coordination of swarms are addressed. Similar to applications with terrestrial vehicles generic properties of sensor networks, including groups of mobile observation and measurement stations (such as aircraft, submarines or robotic cars) are addressed. Space applications rise additional challenges such as significant delays in the telecommunication link due to large distances, high dynamics in changing positions and high levels of noise effects. 



The use of satellite swarms provides interesting innovative contributions to Earth surface monitoring. While there is increasing demand for border surveillance and environment pollution monitoring, currently related satellite missions are mainly based on single large satellites and only few on simple satellite constellations (such as Rapid Eye). For emergencies, the traditional systems do not achieve the desirable spatial and temporal resolution needed to characterize the situation in almost real-time. The use of satellite swarms offers an interesting complementary approach. In particular swarms composed of pico-satellites promise a long term perspective for a quick, event based and scalable provision of Earth observation capacities from a low Earth orbit (LEO). Such networks of satellites offer fault-tolerant performance with graceful degradation in case of defects. On the other side each spacecraft needs a sensor and control system to maintain a required relative position and attitude to the other satellites.



For coordinated multi-satellite Earth observations, so far mainly tandem missions by two satellites were used, such as ERS-1 / ERS-2, or Landsat / EO-1. A formation of four satellites for measurement of the Earth’s magnetic field provided Cluster / Phoenix. All spacecraft were directly controlled from ground, the coordination of this configuration occurred by interaction between the ground controllers. Thus in particular for the application areas of Earth observation, for the observation of physical properties of the space environment, and for astronomical measurements, there is an obvious demand for software to increase automation and to support control of larger configurations of satellites. 



In the field of telecommunication and navigation applications, there exist operational satellite constellations as pointed out before, but all are controlled directly from ground and active measurements on-board the satellites for configuration management are not yet performed. 



[image: UWE-I]

Figure 1: prototype of UWE-1 during vibration tests.

The University Würzburg supports the program UWE (University Würzburg's Experimental satellites) related to development of thee technology base for coordinated, distributed pico-satellites (satellites with a mass of about 1 kg). The pico-satellite UWE-1 has been launched on 27.10.2005 and performed in orbit successful telecommunication experiments on optimization of parameters in the Internet-Protocol (IP) according to the space environment [Schilling, 2006]. The objective of UWE-2 is related to attitude determination by fusing data from GPS, gyros, sun sensors and accelerometers [Schmidt et al., 2008]. It was delivered in 2008 and waits for a launch in spring 2009. Currently UWE-3 is under development to demonstrate miniaturized actuators for attitude control. Due to the miniaturization needed to realize such pico-satellites in the 1 kg-class, the performance is limited in comparison to traditional satellites. Nevertheless by sensor data fusion of multiple pico-satellites this should be compensated. By use of modern information processing methods, there can fault tolerant, scalable systems be realized, offering in space applications innovative perspectives for applications in environment monitoring and telecommunications.



An infrastructure, to efficiently control a group of satellites from ground is currently only in first approaches realized, decentralized approaches [Scharf et al.,2004; Murphy/Pardalos, 2000] are not yet implemented. Challenging technologies to be implemented for distributed small satellite systems include:

· Determination of attitude and position: miniaturized sensors are to be introduced to determine the attitude of the satellite with sufficient accuracy for the interpretation of measurements, as well as for the relative distance determination between the spacecrafts.

· Autonomous control of position and attitude: the deviation between measured position and attitude towards target values is to be determined in order to generate related correction maneuvers. In orbit there is only sporadic contact to ground control stations, thus real-time reaction capabilities are to be implement. 

· Operations of satellite swarms:  the control of satellite formations requires the coordination of autonomous reaction capabilities on-board with ground control interactions, characterized by signal propagation delays and link interrupts. The operator would benefit from functions, enabling just to control a leader satellite, while at a given formation the trajectories of the others are generated autonomously.



2.0	MISSION ANALYSIS FOR EARTH OBSERVATION SATELLITES



Typical orbits for Earth observation satellites are discussed in this section. Orbits of satellites in a point-mass gravitational field are Kepler orbits, e.g. ellipsoids for closed trajectories. In this context an orbit around the Earth can be described in terms of the Kepler parameters (five fixed parameters and one variable changing with time) 

a  -  semi-major axis (size of the ellipse)

  -  eccentricity (“flatness” of the ellipse)

i  -  inclination (angle between the equator plane and the orbit plane)

Ω -  right ascension of ascending node (in the equatorial plane the angle between Vernal Equinox direction and the intersection line with the orbit plane in the direction of the ascending arc)

ω -  argument of perigee (the angle in the orbit plane at ascending arc from the intersection of the equatorial plane to the closest point of the satellite’s orbit towards Earth (the perigee))

  -  true anomaly (depending on time, the angle between perigee and the current satellite position in its orbit)

                                           [image: ]

Figure 2: parameters in the orbit plane.

The Kepler parameters  a and  represent the dimensions and shape of the flight path in the orbit plane, while  relates to the satellite’s current position. Here the radius of closest point of the orbit towards Earth, the perigee rp = a (1 - ) and the farest distance, the radius of apogee ra = a (1 + )  can be directly derived. The parameter Ω, ω, i determine the orbit plane’s position in 3-dimensional space.
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Figure 3: position of the orbit plane in three dimensions in relation to the equator plane.

The period for one revolution T is only depending on the semi-major axis and the Earth’s gravitational constant µ = 398 600.4418 km3s-2   

T = 2 π      .

Several perturbation effects act on such an idealized Kepler orbit: A major effect relates to the inhomogenities of the Earth’s gravitational field. In particular the Earth’s oblateness (the equatorial bulge) generates a torque rotating the orbit (for i < 90° in westerly direction with negative ΔΩ) at a nodal regression of

ΔΩ = -    cos i      [radians/revolution] = [rad/rev]

and a rotation in the argument of perigee

Δω =     (4 – 5 sin2i)      [radians/revolution] = [rad/rev]



with the parameters 

RE  -  radius at Earth equator (6378 km), 

J2   -  first tesseral term of the power series expansion of Earth’s gravity potential field. 
	       	J2 = 0.00108263





2.1	Earth Synchronous Orbits

To describe now the relative motion of a satellite with respect to the Earth’s surface, which is essential for observation tasks the following basic definitions are introduced :

A subsatellite point is defined as intersection of the line between satellite and Earth centre with the Earth’s surface. The set of subsatellite points generated during an orbit are called ground track.



In order to compare the temporal evolution of observation data, the satellite should observe again after a given period of time the same locations on the surface of the Earth:

An orbit is called Earth synchronous, if after a specific period of time the satellite ground track repeats. 



To calculate properties of an Earth synchronous orbit, the effects related to the rotation of the Earth around its axis and the movement of the satellite’s orbit plane due to perturbation effects are to be analyzed. In the context of this introductory paper as a first approximation we just consider the J2-effects of the gravity field, which is the most significant contribution.  For a satellite with an orbital period T, the offset between subsatellite points at subsequent equator crossings depends on the Earth’s rotation rate (in eastward direction), the so called sidereal rotation period or sidereal day.

From astronomical observations is known that τE is slightly varying with time 

τE = 86164.10555 + 0.015 C   [s]

where C represents the centuries since the year 2000. 



As the Earth rotates in eastward direction, the satellite is thus moving relative to the surface in westward direction by an angle

ΔΦr =   2 π        [rad/rev]

As second effect influencing the shift of the subsatellite point at the equator is due to the rotation of the satellite’s orbit plane. According to the J2-model of the gravity potential field 

ΔΩ = -    cos i         [rad/rev]

As ΔΩ is positive in eastward direction, these two effects are combined to the total angular shift ΔΦ at subsequent equator passages 

ΔΦ = ΔΦr  -  ΔΩ        [rad/rev]




We assumed that an Earth synchronous orbit repeats. Thus after n orbits (n being an integer number), the accumulated shifts by ΔΦ in each revolution must be a multiple of 2π.

An Earth synchronous orbit has the property, that integers n (number of orbits until the ground track repeats) and m (number of Earth revolutions until the ground track repeats) exist, such that

n  ΔΦ  =  m  2π



2.2	Sun and Earth Synchronous Orbits

Comparison of images taken at the same location also would require similar light incidence conditions. Due to the Earth’s motion around the Sun, this will in general change in the course of the year. One revolution of the Earth around Sun requires a duration τS = 3.155815  107 seconds, a sidereal year.  For a sun synchronous orbit, nevertheless the angle between the sun direction and the orbit plane should remain constant. Thus a nodal regression of the orbit plane (in easterly direction) has to compensate the Earth’s motion around the Sun. 

The orbit of the Earth around the Sun can as first approximation be assumed as circular (in exact terms the related eccentricity is   = 0.0034), the sun incidence direction moves by 360° during one year, e.g. by approximately 1° per day). Thus this rotation angle  of the orbit plane per day is

 = 2 π               [rad/day]

For a satellite orbit with orbital period T the required angular motion is therefore

 = 2 π               [rad/rev]

With respect to Earth observation tasks, it would be desirable to observe with progressing time the same surface point at identical light incidence. Thus the property, that an orbit is Earth synchronous as well as Sun synchronous, is represented by the constraint  

ΔΩ  =  

Inserting this into the equation for Earth synchronous orbits, there results

n (ΔΦr  -  ΔΩ) = n (  2 π    -  )   =  n (  2 π    -   2 π    )   =  m  2π

This last equality can be converted to the constraint on the orbit period T for an Earth and Sun synchronous orbit

T (-   )  =  

The angular shift between two subsequent orbits is

ΔΦ = ΔΦr  -  ΔΩ =   2  T (-   )          [rad/rev]

The worst case distance between two successive orbits occurs at the equator. At the Earth radius at equator  RE = 6378 km this implies to a distance of ΔΦ  RE  between subsequent ground tracks. In the following chapter this will be further expanded taking into account observation parameters like swath width to analyze ground coverage of the areas observable from the satellite.





2.3	Ground Coverage

The surface area observable from the spacecraft is limited by the tangential line to the Earth’s surface. Thus from the spacecraft at an altitude h above surface the visible horizon is characterized by the angle ρ and by the angle λ0 from Earth centre’s perspective (cf. Figure 4).

                                       [image: ]

 

Figure 4: observable surface area from the satellite.

Assuming a spherical Earth, the line from the spacecraft to the horizon is perpendicular to the Earth’s radius, thus the following relationships hold in the triangle formed between spacecraft, Earth centre and horizon with the hypothenusa RE+h:

ρ + λ0 = 90°

RE = (RE + h) cos λ0 = (RE + h) sin ρ

A specific target point with known longitude Λt and latitude Θt in this visibility range is observed from a known orbit position of the satellite, leading for the related subsatellite point to a longitude Λs and latitude Θs . Then the characteristic parameters are the nadir angle  at the satellite (the angle Earth centre/spacecraft/ target) and the Earth central angle λ (the angle spacecraft/Earth centre/target), as well as the spacecraft elevation angle  from the local horizon at the target towards the satellite.

                                            [image: ]

Figure 5: observation of target points in the satellite’s field of view.




The angular distance λ between subsatellite and target point at the Earth’s surface can be determined from spherical geometry (for λ < 180°) as

cos λ = sin Θs  sin Θt + cos Θs  cos Θt cos ׀Λs – Λt׀

From λ the nadir angle  can be calculated 

tan  =   

Finally the spacecraft elevation angle can be either derived from 

λ +  +  = 90°

or from                                                           cos  = 

For a specific instrument onboard the spacecraft a field-of-view (FOV) or a footprint area refers to the area it observes at a specific point in time. So the beam width of an instrument allows to see target points corresponding to a related variation range of nadir angles  (when taking the satellite’s perspective) or Earth central angles λ (taking the Earth’s perspective). Define λmax as maximum Earth central angle achievable by selecting appropriate instrument pointing and spacecraft attitude. Then for each point in time a circle on the Earth surface around the current subsatellite point with radius related to λmax determines the access area for observations. Thus a swath width of  2 λmax  (an angular deviation of λmax on both sides perpendicular to the ground track) characterizes the surface coverage for the spacecraft.  The time in view Tview of a specific surface point P crucially depends on off-track angle λ (the angle between P and its perpendicular projection to the ground track; necessarily is λ <  λmax). For a circular orbit with period T the time in view is

Tview =    cos-1()

where 2cos-1() is the range for the true anomaly at which P can be kept in the field of view. Related properties for distributed multiple satellites with respect to temporal and spatial resolution will be further analyzed in chapter 3. In the following section this theory will be applied first to characterize contact periods to ground stations, being a crucial mission design parameter.

2.4	Ground Station Contact Period Analysis

Orbit selection is driven by observation objectives, but also by operational and satellite design constraints. The maximum periods between contacts to ground control stations have an implication in sizing the data storage system on-board to provide sufficient capacity to accommodate all observation data until the next downlink occurs. Duration of these ground contacts affect the needed transmission capacities to transfer all acquired data. With respect to mission operations on-board autonomy requirements are driven by the periods between ground contacts. The analysis from section 2.3 is now specialized for surface target points being ground stations. The visibility area from the ground station is a cone with central angle depending on the elevation angle . This cone intersects with a ball around the Earth’s centre with radius RE + h at orbit altitude in a circular segment. If the flight path crosses this segment, at entry as well as at exit the parameters λmax , max , min  apply, while at the closest approach of the path to the ground station λmin , min , max occur.  
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                                                                                                                                                                      Earth image courtesy of ESA

Figure 6: contact geometry to the ground station.




According to section 2.3 these angles can be calculated with a known minimum necessary elevation of the ground station min to establish contact (depending of the topology of the environment, typically it is about 5°) as 

sin max = cos min 

λmax = 90° - min - max

This also corresponds to the maximum range Dmax between ground station and satellite

Dmax = RE 

In order to calculate the crucial time in view Tview , in addition to λmax also the minimum Earth central angle λmin at the closest point of the flight path to the ground station is to be determined. Thus, with known longitude Λgs and latitude Θgs of the ground station 

sin λmin = sin (90° - i)  sin Θgs  +  cos (90° - i)  cos Θgs  cos (Λgs – Λnode + 90°)

with Λnode being the longitude of ascending node in the Earth-fixed coordinate system (while Ω is defined in the sidereal coordinate system, Λnode is rotating with the Earth). Thus the total time in view is

Tview =    cos-1()

For the optimal case that the satellite passes in the zenith of the ground station there results  λmin = 0 and the maximal contact time results from this equation as

Tview max = T   





2.5	Eclipse Periods

Limitations on satellite activities result, when the satellite enters into the zone where the Sun light is occulted by the Earth, the Earth shadowed zone or eclipse period. The angle  between the Earth-Sun vector s and the orbit plane is derived by using the normal vector to the orbit plane n by

sin  = s • n



[image: ]

Figure 7: geometry of the Sun-orbit angle 



Assuming Earth generates a cylindrical shadow as first approximation, the Earth central angular radius * at entry into the eclipse is

* = sin-1()                    for 0°  *  90°



[image: ]

Figure 8: schematic of eclipse geometry

The angular arc of the orbit in the shadow cylinder is   2 cos-1)   , thus the eclipsed fraction of the orbit Fe depending on the Sun-orbit angle  is

Fe =  =  cos-1( )

2.6	Exemplary Mission Analysis

In this section for a LEO-mission an analysis to optimize parameters is performed for an orbit at altitude h= 600 km. Inclination i could vary between 0° and 53°. With respect to eclipse periods the annual variation of  in an equatorial orbit is between 0° and 23.44°. The effect on Fe is minimal as displayed in the plot of Figure 9 and Figure 10, thus thermal variations are very limited.

[image: ]

Figure 9: The eclipsed fraction Fe as a function of the sun orbit angle  in an orbit altitude
h= 500 km. For an equatorial orbit (i=0°) and an orbit with inclination i=53° the annual variation of sun-orbit-angle  is marked below.

        orbit altitude [km]
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Figure 10: For the equatorial orbit in an altitude range between 400 km and 1000 km the eclipse duration in minutes is represented in relation to seasonal changes of .

For an orbit inclination of 53° displays a broad variation of  between 0° and 76.44°. Related eclipse periods vary between 0 and 35.4 minutes per orbit, requiring a robust thermal design.

[image: ] Figure 11: Variation of eclipse periods for 3 months. Each column is a representative orbit with the eclipse duration marked by the dark segment.
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Figure 12: ground track generated by the orbit with 53° inclination in altitude h=600 km.



The orbit with inclination   i=53° and  h=600 km displays a drift due to J2-effects

 Ω = - 4.4° [°/day]

One major advantage of this orbit is that operations can be done from a ground station in Germany. There exist contacts during several subsequent passes, followed by periods without contacts (cf. Figure 12). The periods without link capabilities can be analyzed by using the station-orbit angle (the angle at the Earth’s center between the orbit plane and the ground station direction; cf. Figure 6). Figure 13 presents the angular variation for a ground station in southern Germany. Contacts are only possible if the station-orbit angle is smaller than the central angle of the contact cone (the cone originating in the Earth centre covering the same segment of the sphere at orbit altitude as the ground station). With a minimum necessary elevation angle of 5° of the ground station, this leads for the nominal orbit to a central angle of the cone of 19.42°. As displayed in Figure 13, there results a contact potential for 43.5% of a day, leading on average to six ground contacts per day, each extending up to 10.4 min. 
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ground station in Germany
)Figure 13: Diurnal variation of the station orbit angle, specifying the window for ground station contacts.
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Figure 14: 	Typical sequence of contact periods (dark segments) for a Sun-synchronous orbit in   900 km altitude (i= 98°) related to a ground station in Germany (above) and one near the north pole in Kiruna (below).

Thus, particular advantages of the inclined orbit (i = 53°) compared to the equatorial orbit are

that:

 • the ground station can be located in Germany,

 • the solar arrays generate more power during mission lifetime, as the eclipsed periods are shorter, 

while the disadvantages inc1ude:

 • periods between 13.75 and 15.75 hours without ground contact,

 • thermal control is more demanding, as eclipsed periods vary very much,

 • magnetometers of the attitude control system suffer from more frequent disturbances near the poles
   in the Earth's magnetic field,

 • the radiation noise is larger, as the orbit crosses the south atlantic anomaly and approaches closer to
   the poles.



3.0	SATELLITE CONSTELLATION AND FORMATION CHARACTERISTICS

Nominal orbits for the different satellites are to be selected, such that their combination achieves the application objectives with respect to spatial and temporal resolution at a minimum amount of satellites. The transfer of satellites into these target orbits and the efficient deployment of satellites are to be analyzed. After having been arrived in the target orbits an appropriate formation has to be maintained and the control activities for station keeping are to be provided. 



Another interesting application could be the creation of 3-dimensional pictures out of data collected by a swarm of satellites, doing observations of the same area at different viewing angles. Examples were the tandem missions of traditional satellites like ERS-1 and ERS-2, Landsat 7 and EO-1. Taking advantage of being able to place several small satellites into one launcher it would be possible to establish efficiently such formations or constellations for Earth observation.



3.1	Formation Flying Architectures

In order to perform complex tasks in a broad range of applications formations of vehicles with varying dynamics, such as groups of aircrafts, UAVs, submarines and land vehicles are analyzed. In general three different architectural approaches are discussed:

· Virtual Structures: the entire formation is treated as one single structure controlled by a centralized planner. The dynamics of the complete structure is translated into a desired motion for each vehicle, which has an individual tracking control.

· Behavioral strategies: in this distributed control approach following inspirations from nature (flock of birds, school of fish), several desired behaviors for each agent (e.g. move-to-goal, avoid-collisions, avoid-obstacles, maintain-formation, etc.) are specified. The control action of each agent is the weighted average of the controls for each behavior.

· Leader- follower: vehicles are divided into leader(s) and followers, the followers track position and orientation of a designated reference point (leader) with a prescribed offset. It can be implemented as 

· absolute control architecture, where a central controller sends position and velocity commands to each vehicle regulating its own position,  or as 

· relative control architecture sending absolute position and velocity commands of the leader, while the followers regulate their own position relative to the leader.

 	While there is a transparent group behavior, the leader is a particularly sensitive position.



As discussed before for single spacecrafts, idealized Keplerian orbits are subject to perturbation effects from mass inhomogeneties of the Earth’s gravitational field, atmospheric drag, solar radiation pressure, third body perturbations (e.g. Moon, Sun). For spacecraft in close-by orbits the dynamics of the relative motion is described by the Euler-Hill-Clohessy-Wiltshire equations [see Sidi, 2001; Vallado, 1997].



3.2	Coverage by a Constellation

Constellations of LEO-satellites are introduced to benefit from the shorter distance to the Earth’s surface, in particular from shorter signal propagation periods, lower energy intensity and power needs for data transmission and instrumentation. On the other side the high relative velocities relative to the surface imply short contact periods to ground stations or short observation periods of specific surface areas. Therefore several satellites in appropriate complementary orbits are placed to increase coverage. When placing the satellites in similar orbits (with respect to altitude, eccentricity, and inclination) perturbations affect all satellites in a similar way and station keeping manoeuvres to keep the satellite topology can be limited with positive implications for the satellites’ lifetimes. A frequently used class is the Walker Delta pattern constellation [Walker, 1984], with the objective of provision of a continuous coverage of the Earth’s surface by a minimum number of spacecraft. Despite this being a frequent aim, for different objectives alternative constellation patterns might be more appropriate. Typical non-Walker constellations address planes perpendicular to each other (by example a combination of a polar plane with an equatorial plane). For a Walker constellation with inclination i, total number of satellites t, number of equally spaced orbit planes p with t/p equally spaced satellites in each plane, and the relative phase difference between satellites in adjacent planes f (0fp-1, measured in the direction of motion from the ascending node to the closest satellite in units of 360°/t), the standard notation for a constellation is presented in the following form:

i: t/p/f

The Gallileo navigation satellites are by example placed as a   56°: 27/3/1   constellation, having 27 satellites in orbit, inserted in 3 orbit planes separated by ΔΩ = 120° . Each of the 3 orbit planes with an inclination i = 56° hosts 9 satellites at angular distances of 40°. The phase shift between adjacent orbits is       f • 40°/3 = 1 • 13 ° = 13 ° .



Let   s = t/p   satellites be equally spaced at an angular distance  Δ = 360°/s   in a orbit plane. If in comparison to Δ the maximum Earth central angle λmax, as discussed in section 2.3, is 

· Δ < 2 λmax , there is an area of continuous coverage, often called street of coverage (cf. Figure 15) with an angular range of λstreet on both sides of the ground track,

· Δ > 2 λmax , the coverage will be interrupted along the swath.

The width of the street of coverage λstreet can be calculated from 

cos λstreet = 



[image: ]

Figure 15: topology of satellites in the same orbit plane
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Figure 16: suitable coordination patterns to be achieved for two adjancent orbits, moving in the same direction, by the choice of f = Δ/2 a 

Adjacent orbits planes can now suitably be coordinated such that the bulges of the one orbit plane fill in to the dips of the other plane (cf. Figure 16). So for guaranteeing a continuous coverage the maximum distance between adjacent orbit planes Dmax can be selected as

Dmax = λstreet + λmax

This effect just applies if the satellites are synchronized with similar velocity vectors. It should just illustrate that combinations of the different orbit parameters complicate optimisation for analysing coverage in distributed multi-satellite systems. Procedures for the replacement of defect satellites in a constellation need to be considered at deployment. Very often also soft parameters, like the flexibility with respect to growth potential for the satellite constellation are crucial. 



3.4	System Requirements for Remote Observation by Distributed Small Satellites



For coordinated observations by swarms of small satellites, challenging technical research problems are to be solved. A necessary requirement is the ability of the satellites to maintain the formation. Thus the position and attitude relative to each other is to be determined with appropriate accuracy, before control actions correct towards the target position in the formation. All satellites of the swarm have to be equipped with suitable sensors and actuators to perform such manoeuvres. Especially for pico- and nano-satellites there is still a need for small, low weight sensors and actuators. Within current technology it is by example not possible to integrate a star tracker at pico-satellit level, nevertheless an high accuracy attitude determination is desired. Recent activities in the field of sensor development demonstrate implementation of extremely small components by MEMS technology. 



The UWE-2 satellite employs a GPS system for position determination and subsequent orbit determination. The companion pico-satellite BEESAT from TU Berlin carries a 3-axis attitude control system by three reaction wheels [cf. Schilling, Brieß, 2008].  The University of Toronto will demonstrate by the CanX-2 satellite at nano-satellite level actuators for formation control by using thrusters and 3-axis-stabilized attitude control. The motivation for this mission is the test of enabling technology for formation flying. In the next step the Can-X4 and Can-X5 satellites are planned for an autonomous formation flight. Thus, future missions will perform complex formation manoeuvres with pico- and nano-satellites, but there is still significant research necessary in order to establish appropriate attitude control and formation control systems for satellites in the pico- and nano-satellite class.



4.0	COMMUNICATION IN LOW-EARTH-ORBIT SATELLITE SWARMS

The communication and tele-operation infrastructure provides a key element in establishing distributed satellite systems: formation flying information related to the status of each satellite is to be exchanged and observation data are to be transferred. The amount of data to be exchanged increases with the size of the satellite swarm. Thus efficient implementation of data pre-processing procedures, as well as intersatellite links and links to ground stations are to be analyzed. Here adaptations of terrestrial technologies for mobile distributed systems to the space environment are of particular interest.



4.1	IP infrastructure for spacecraft applications

In distributed applications on Earth the internet protocols TCP/IP became the established standard and attracts significant development efforts for further improvements. To benefit from these terrestrial activities, transfer of these technologies to the space environment is investigated, in particular adaptations to significant delays and at higher noise levels are to be analyzed. First experiments related to IP in space were performed 1999 by NASA at the UoSat-12 mission. One of the first missions, totally operated only over the TCP/IP protocol stack, was the CHIPsat mission launched in 2003 from NASA and the Space Science Laboratory in Berkley. 



In 2005 the pico-satellite UWE-1 (University Würzburg’s Experimental satellite) was launched with the main scientific objective to optimize Internet Protocol parameters in adaptation to the measured space environment [Schilling, 2006]. UWE-1 had a mass below 1 kg, followed the CubeSat standards [Twiggs, 2002] and carried the on-board data handling system µ-Linux, implemented on a microcontroller. Thus advantage could be taken from integrated, appropriate IP-stack for related telecommunication experiments. The advantages of IP and its higher layer protocols (e.g. TCP, UDP) are the world wide usage, resulting in a fully tested reliable protocol stack and a broad spectrum of available applications using the IP interface. UWE-1 communication was based on a commercial transceiver, normally used by radio amateurs for data transmission via packet radio. The main experiments were related to cross layer optimizations between AX.25 and higher protocol layers (i.e. IP) and to application layer protocols like HTTP and TFTP. 
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Figure 17: The UWE-2 boards display highly integrated pico-satellite electronics. Here from top to bottom the following boards can be seen: telecommunication (UHF / VHF), power distribution, data processing (H8, µLinux), GPS receiver
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Figure 18: the specific implementation of ISO/OSI reference model layers on-board of UWE-1. Here for comparison reasons several transport layer alternatives were realized.



A major disadvantage of the TCP/IP protocol stack is the performance problem of the TCP protocol in space conditions. As the TCP protocol was intended for usage in the terrestrial internet, a congestion avoidance algorithm decreases the transmission rate, if congestion occurs. This behavior is an essential feature of TCP in the terrestrial internet, when the network is overloaded by traffic. A congestion situation in the terrestrial internet is indicated by the loss of data packets. In a satellite communication the situation is totally different, loss of packets are normally caused by transmission errors, nevertheless TCP reacts in this situation with decreasing the transmission rate. Therefore it is important to choose very carefully the communication protocols. An alternative is the usage of UDP instead of TCP, a connectionless transport protocol. In this case the application layer has to provide mechanisms to guarantee the correct reception of data packets. Another possibility is to use a TCP extension protocol, which overcomes typical problems of TCP.
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Figure 19: PER determination for the AX.25 radio link

The results of the UWE-1 experiments displayed, that it is possible to use IP on a CubeSat for communication, but different optimizations are necessary to enable a reasonable telecommunication between satellite and ground stations.  Especially the high Packet Error Rate (PER) observed on the communication link with UWE-1 has influence on the performance of the AX.25 protocol. The measured PER values are presented in figure 19. The values are expressed in terms of confidence intervals, the variance of these intervals reveal the necessity to improve the combination between AX.25 and IP with additional redundancy for the communication link. Further redundancy for the telecommunication can be generated by hardware or software algorithms to solve the problems of high error rates.



4.2	Ground station networks for satellite swarms

The intensive activities in development of small satellites initiated the establishment of many ground stations in academia all over the world. Due to the limited bandwidth of small satellites, it is here especially desirable to increase the contact periods by using multiple interconnected ground stations for data transmission. Thus, a consistent homogeneous telecommunication framework for space and ground segment based on Internet Protocols promises interesting capacities for teleoperation of these small satellites. 

Current activities to implement such ground station networks are the “Global Education Network for Satellite Operation (GENSO)”, the “Ground Station Network (GSN)” of the Japanese UNISEC group and the “Mercury Ground Station Network” initiated by Stanford University.



The UWE-1 ground station (c.f. Fig.20) was set up on the University Würzburg campus with capabilities to communicate with satellites in the 2m and 70 cm frequency bands.
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Figure 20: Realisation of the UWE ground station



A critical point for ground station networks are cross layer dependencies between IP and lower protocol layers, like AX.25 as in case of UWE-1. It is only relevant when a direct connection between the satellite and the remote controller over IP is used. The AX.25 protocol is a data link layer protocol designed for amateur radio networks. The AX.25 protocol can be operated in a connection oriented (virtual circuit) mode or in a connection less (datagram) mode. Connection oriented communication is already provided by transport layer protocols like TCP  thus conflicts with this second acknowledgement system could arise, if insufficient coordination with higher layers is established. Thus, the parameterization of the Medium Access Control (MAC) is to be implemented, for avoiding collisions between sending stations by delaying of sending attempts.



4.3	Mobile Ad-Hoc Networks in Space



Establishment of robust network communications attracts significant research efforts in terrestrial applications. A mobile ad-hoc networks (MANet) combines several stations to a self-organizing telecommunication network with integrated initialisation and reconfiguration capabilities, in particular in case of deffects or of changes in the topology. Therefore in formations of satellites, exhibiting high dynamics and link interruptions, a reconfiguration of the communication path via several members of the space and ground segment promise significant increses in robustness. Related routing methods are therefore to be analyzed.
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Figure 21: Schematic of an overlay Network approaches for an integrated space and ground segment taking into account the available physical network structure and the abstracted logical structure



At the University Würzburg a MANet demonstrator and test facility based on WLAN (IEEE 802.11)  has been installed, consisting of a system of several mobile robots and fixed stations as nodes (cf. Figure 22).
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Figure 22: Network of mobile systems with heterogeneous dynamics 



In this test facility experiments to prepare future MANet applications in space have been performed with respect to re-routing performance. Typical ad-hoc routing protocols developed for mobile systems were compared in teleoperation scenarios for mobile robots, including:

· Reactive protocols, such as “Ad-Hoc On-demand Distance Vector (AODV)” or “Dynamic Source Routing (DSR)”, 

· Proactive protocols, such as “Optimized Link State Routing (OLSR)”, 

· Hybrid protocols, such as “Better approach to mobile ad-hoc networking (BATMAN)”.



Figure 23: Typical round trip time behaviors for a changing transmission topology, displaying in particular the significant transmission interrupts due to route reestablishment



A software system has been developed to record during test runs the crucial data about neighbors, route requests, potential routers, link costs and hop counts. Thus resulting characteristics of the packet stream like packet loss rates, time needed for route reestablishment, packet inter-arrival time, network topology and bandwidth can be evaluated. Files from the different nodes are to be synchronized (with respect to time or to events). Typically default parameter settings need to be adapted to the specific scenario to exhibit reasonable performance.



Table 1: Performance comparison for test runs with tuned parameter settings in the protocols 

		Protocol 

		Packet Loss 

		min. Time for Rerouting 

		max. Time for Rerouting 



		OLSR 

		32.6% 

		5.0 s 

		< 21.6 s 



		DSR 

		28.8% 

		2.0 s 

		< 40.4 s 



		BATMAN 

		16.0% 

		0.8 s 

		< 26.2 s 










The performance measurements turned out to be very sensitive to noise effects, thus a careful setup is necessary to generate comparable results. In preparation of establishing MANets in space also adaptation procedures of protocols to the specifics of the encountered space environment are to be investigated.



5.0	CONCLUSIONS

The paradigm shift from large spacecrafts incorporating multiple payload capabilities to decentralized, distributed small satellite systems raises interesting research topics. Particular advantages in the context of Earth observation and surveillance are higher fault tolerance and robustness of the overall system. Such systems are scalable in a sense that according to application needs additional satellites can be added in order to increase resolution and coverage. The current progress in gun launches (with railguns or light gas guns) to orbit promise interesting quick future reaction capabilities for very small satellites (with a mass of some kg). Nevertheless high resolution data and high bandwidth links can only be provided by traditional large satellites. Thus combinations of coordinated satellite systems composed of few large and many small satellites might complement each other in order to provide the required data quality as well as flexibility and robustness.



Swarms of small satellites offer in particular for Earth observation applications interesting innovative approaches. Satellites in Low Earth Orbit (LEO) enable high spatial resolution on ground and offer interesting potential for applications like disaster monitoring. Due to the low orbit, these satellites exhibit a high relative velocity to reference points on ground, resulting in short observation and communication contact periods in the target areas. One approach to that problem is a higher temporal resolution by satellite constellations with several satellites in the same orbit. The achievable temporal and spatial resolution of such a formation opens new application areas in bio-monitoring and surveillance. 
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ABSTRACT 


This paper summarizes a new methodology to design sequential non-diagonal QFT controllers for multi-
input-multi-output MIMO systems with uncertainty. It also demonstrates the feasibility of that 
methodology to control both, a) the position and attitude of a 6x6 MIMO spacecraft with flexible 
appendages, and b) spacecraft flying in formation in low Earth orbit.  


1.0 INTRODUCTION 


Control of multivariable systems (multiple-input-multiple-output, MIMO) with model uncertainty is still 
one of the hardest problems that control engineers have to face in Spacecraft real-world applications. 
Input-output directionality, coupling among control loops, transmission zeros, pairing, etc. are some of the 
main complexities that define a MIMO system. Moreover, model uncertainties substantially increase such 
difficulties, making more restrictive the inherent performance limitations of the control system. In the last 
few decades a very significant amount of work in linear MIMO systems has been done. The first technique 
that made a quantitative synthesis of MIMO systems, taking into account quantitative bounds on the plant 
uncertainty and quantitative tolerances on the acceptable closed-loop system response, was the 
Quantitative Feedback Theory (QFT) [1]. In the last few years some new methods for non-diagonal (full 
matrix) multivariable QFT robust control system design have been introduced. The first part of the paper 
introduces a new methodology [2-6] that improves the current non-diagonal MIMO QFT control 
techniques. The second part validates the new techniques by applying them to control the position and 
attitude of a 6x6 spacecraft with large flimsy appendages [7]. The third part of the paper introduces an 
example of spacecraft flying in formation, and proved how a reformulation of the MIMO QFT 
methodology  (see [8] for details) can handle within the QFT framework both classical QFT specifications 
and requirements issued from matrix specifications. 
 


2.0 NON-DIAGONAL MIMO QFT CONTROL DESIGN METHODOLOGY [2-7] 


Control of multivariable systems (multiple-input-multiple-output, MIMO) with model uncertainty are still 
one of the hardest problems that the control engineer has to face in real-world applications. Three of the 
main characteristics that define a MIMO system are the input and output directionality -different vectors to 
actuate U and to measure Y-; the coupling among control loops -some outputs yi can be influenced by 
several inputs ui, and some inputs ui can influence several outputs yi; and the transmission zeros of the 
plant matrix. 
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In the last few decades a very significant amount of work in MIMO systems, too numerous to list here, has 
been done. Using MIMO QFT, Horowitz proposed to translate the original nxn MIMO problem into n 
separate quantitative multiple-input-single-output MISO problems, each with plant uncertainty, external 
disturbances and closed-loop tolerances derived from the original problem [1]. Two different approaches, 
the so-called sequential and non-sequential methods, consider in successive iterative steps an equivalent 
plant that either takes also into account the controllers designed in the previous steps, or only deals with 
the plant respectively. 
 
However, although such original MIMO QFT methods take the coupling among loops into account, they 
only propose the use of a diagonal controller G to govern the MIMO plant. This structure can be improved 
using non-diagonal controllers. In fact, a fully populated matrix controller allows the designer much more 
design flexibility to control MIMO plants than the classical diagonal controller structure. The use of the 
non-diagonal components can also ease the diagonal controller design problem. In the last few years some 
new methods for non-diagonal multivariable QFT robust control system design have been introduced. For 
the sake of clarity, this section summarizes a previous work [2-7] that extends the classical QFT diagonal 
controller design for MIMO plants with uncertainty to the fully populated matrix controller design. The 
work studies three cases: the reference tracking, the external disturbance rejection at plant input and the 
external disturbance rejection at plant output. It presents the definition of three specific coupling matrices 
(c1ij, c2ij, c3ij), one for each case, and introduces a sequential design methodology for non-diagonal QFT 
controllers. 
 


2.1 The Coupling Matrix 


The objective of this section is to define a measurement index (the coupling matrix) that allows one to 
quantify the loop interaction in MIMO control systems. Consider a nxn linear multivariable system -see 
Fig. 1-, composed of a plant P, a fully populated matrix controller G, a pre-filter F, a plant input 
disturbance transfer function Pdi, and a plant output disturbance transfer function Pdo, where P ∈ ℑP , ℑP 
is the set of possible plants due to uncertainty, and, 
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The reference vector r’ and the external disturbance vectors at plant input di’ and plant output do’ are the 
inputs of the system. The output vector y is the variable to be controlled.  
 


It is denoted *P  as the plant inverse so that, 
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where Λ is the diagonal part and B is the balance of P*; and Gd is the diagonal part and Gb is the balance of 
G. The next paragraphs introduce a measurement index to quantify the loop interaction in the three 
classical cases: reference tracking, external disturbances at plant input, and external disturbances at plant 
output. That index is called the coupling matrix and, depending on the case, shows three different 
expressions: C1, C2, C3 respectively. 
 
 
 
 
 
 
 
 
 
 
 
 


Fig. 1  Structure of a 2 Degree of Freedom MIMO System 


2.1.1 Tracking 


The transfer function matrix of the controlled system for the reference tracking problem, without any 
external disturbance, can be written as shown in Eq. (4), 
 


( ) '//
1 rFTrTrGPGPIy ryry ==+= −       (4) 


 
Using Eq. (2) and (3), Eq. (4) can be rewritten as, 
 


( ) ( ) ( )( )rTGBrGΛGΛIrGΛGΛIrT y/r
--


y/r bb
1-1


d
1


d
1-1


d
1 +−+++= −−


 (5) 


 
In the expression of the closed-loop transfer function matrix of Eq. (5), it is possible to find two different 
terms: 
 
i. A diagonal term Ty/r_d,  


 


( ) d
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d
1


y/r_d GΛGΛIT - −+=                  (6) 


 
that presents a diagonal structure. Note that it does not depend on the non-diagonal part of the plant 
inverse B, nor on the non-diagonal part of the controller Gb. It is equivalent to n reference tracking SISO 
systems formed by plants equal to the elements of Λ-1 when the n corresponding parts of a diagonal Gd 
control them, as shown in Fig. 2a. 
 
 
ii. A non-diagonal term Ty/r_b, 


F(s) G(s) P(s) 
u r’ r y 


TY/R (s) 


- 


Pdo(s) 


do 


do’ 


Pdi(s) 


di 


di’ 
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that presents a non-diagonal structure. It is equivalent to the same n previous systems with internal 
disturbances jij1 rc  at plant input (Fig. 2b). 


 
In Eq. (7), the matrix C1 is the only part that depends on the non-diagonal parts of both the plant inverse B 
and the controller bG . Hence, it comprises the coupling, and from now on C1 will be the coupling matrix 


of the equivalent system for reference tracking problems, 
 


( ) y/rbb TGBGC +−=1         (8) 


 
Each element c1ij of this matrix obeys, 
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where kiδ  is the delta of Kronecker that is defined as, 
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Fig. 2  i-th equivalent SISO and MISO systems 


2.1.2 Disturbance rejection at plant input 


The transfer matrix from the external disturbance at plant input '
id  to the output y can be written as shown 


in Eq. (11), 
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and then, 
 


( ) ( ) ( )( ) ib
1-1


d
1-


i
1-1


d
1-


iy/di dTGBΛGΛIdΛGΛIdT /diy++−+=
−−


   (12) 


 
In that expression -Eq. (12)- it is possible to find two different terms: 
 
i. A diagonal term Ty/di_d,  
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d
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+= GIT                  (13) 


 
Again, Eq. (13) is equivalent to n regulator MISO systems, as shown in Fig. 3a. 
 
ii. Non diagonal term Ty/di_b 
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that presents a non-diagonal structure which is equivalent to the same n previous systems with external 
disturbances jij2 dic  at plant input, as shown in Fig. 3b. 


 
In Eq. (14), the matrix C2 comprises the coupling, and from now on C2 will be the coupling matrix of the 
equivalent system for external disturbance rejection at plant input problems, 
 


( ) y/dib TGBC +=2          (15) 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 


Fig. 3  i-th equivalent MISO systems 
 
 
Each element c2ij of this matrix obeys, 
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where kiδ  is the delta of Kronecker defined in Equation (10). 
 


2.1.3 Disturbance rejection at plant output 


The transfer matrix from the external disturbance at plant output '
od  to the output y can be written as 


shown in Eq. (17), 
 


( ) '
// ododoyodoyo dPTdTdGPIy ==+= −1      (17) 


 
and then, 
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In that expression -Eq. (18)- it is possible to find two different terms: 
 
 
i. A diagonal term Ty/do_d,  
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1
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Once more, Eq. (19) is equivalent to the n regulator MISO systems showed in Fig. 4a, 
 
 
ii. Non diagonal term Ty/do_b 
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that presents a non-diagonal structure. It is equivalent to the same n previous systems with external 
disturbances c3ij doj at plant input, as shown Fig. 4b. 
 
In Eq. (20), the matrix C3 comprises the coupling, and from now on it will be the coupling matrix of the 
equivalent system for external disturbance rejection at plant output problems, 
 


( ) y/doTGBBC b+−=3         (21) 


 
Each element of the coupling matrix, c3ij obeys, 
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where kiδ  is the delta of Kronecker as defined in Equation (10). 


 
 


MIMO QFT Controller Design  
Reformulation – Application to Spacecraft with 
Flexible Appendages & Formation Flying in Low Earth Orbit  


4 - 6 RTO-EN-SCI-209 


 







 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig. 4  i-th equivalent MISO systems 
 


2.2 The Coupling Elements 


In order to design a MIMO controller with a low coupling level, it is necessary to study the influence of 
every non-diagonal element gij on the coupling elements c1ij, c2ij and c3ij, defined in Eq. (9), (16) and (22). 
These elements can be simplified to quantify the coupling effects. Then it will be possible to analyze the 
loop decoupling and to state some conditions and limitations using fully populated matrix controllers. To 
analyze the coupling elements, one Hypothesis is stated. 
 
Hypothesis H1: suppose that in Eq. (9), (16) and (22), 
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*
ij  tofbandwidth  in the andj,kfor ≠+>>+ ,tgptgp     (23) 


 
Note that the above expression is scale invariant and is typically fulfilled once the MIMO system has been 
ordered according to appropriate methods like the Relative Gain Analysis, etc. Then the diagonal elements 
tjj will be much larger that the non-diagonal ones tkj, 
 


jjkjjj  tofbandwidth  in the andj,kfor,tt ≠>>      (24) 


 
Now, two simplifications are applied to facilitate the quantification of the coupling effects c1ij, c2ij, c3ij.  
 
Simplification S1: Using the Hypothesis H1, Eqs. (9), (16) and (22), which describe the coupling elements 
in the tracking problem, disturbance rejection at plant input and disturbance rejection at plant output 
respectively, are rewritten as shown Table I. 
 
Simplification S2: The elements tjj are computed for each case from the equivalent system derived from 
Eqs. (6), (13) and (19). The results are shown in Table I. 
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Table I. Simplifications to quantify the coupling effects 
 


 Reference tracking External disturbances 
 at plant input 


External disturbances  
at plant output 


Simplification 
S1 
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*
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Due to Simplifications S1 and S2, the coupling effects c1ij, c2ij, c3ij can be computed as, 
 
Tracking  
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Disturbance rejection at plant input  
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Disturbance rejection at plant output 
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2.3 The Optimum Non-diagonal Controller 


Consider non-diagonal controllers to reduce the coupling effect and diagonal controllers that help to 
achieve the loop performance specifications. The optimum non-diagonal controllers for the three cases 
(tracking and disturbance rejection at plant input and output) can be obtained making the loop interaction 
of Eqs. (31), (32) and (33) equal to zero. 


 


Note that both elements, *
ijp  and *


jjp , of these equations are uncertain elements of P*. Every uncertain 


plant *
ijp  can be any plant represented by the family, 


 


{ } ( ) n1,...,ji,forΔΔ0Δ1 ijijij


N


ijij =≤≤+= ,p,pp ***     (34) 


 


where 
N


ij
*p  is the nominal plant, and *


ijpΔ  the maximum of the non-parametric uncertainty radii ijΔ . 


 


The nominal plants 
N
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*p  and 


N
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*p  that will be chosen for the optimum non-diagonal controller will 
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follow the next rules: 
 
a) If the uncertain parameters of the plants show a uniform Probability Distribution (Fig. 5a) –which is 


typical in the QFT methodology-, then the elements *pij  and *p jj  for the optimum non-diagonal 


controller will be the nominal plants 
N


ij
*p  and 


N
jj
*p , which minimise the maximum of the non-


parametric uncertainty radii *
ijpΔ  and *


jjpΔ  that comprise the plant templates (Fig. 5b). 


 
b) If the uncertain parameters of the plants show a non-uniform Probability Distribution (Fig. 5c), then 


the elements *pij  and *p jj  for the optimum non-diagonal controller will be the nominal plants 
N


ij
*p  


and 
N


jj
*p , whose set of parameters maximize the area of the Probability Distribution in the regions 


[ εε +− ijij , aa ] and [ εε +− jjjj , aa ] (∀ parameter aij, bij, …, ajj, bjj …) respectively.  


Now, making Eqs. (31), (32) and (33) equal to zero and using Eq. (34), the optimum non-diagonal 
controller for each case is obtained. 


 
 


 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig. 5  Probability Distribution of the parameter aij, and Non-parametric uncertainty radii *
ijpΔ  that comprise 


the plant templates  
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2.3.1 Tracking 
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2.3.2 Disturbance rejection at plant input 
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2.3.3 Disturbance rejection at plant output 
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where the function Fpd(A) means in every case a casual and stable proper function made from the 
dominant poles and zeros of the expression A. 
 


2.4 The Coupling Effects 


The minimum achievable coupling effects -Eqs. (38), (40), (42)- can be computed substituting the 
optimum controller of Eqs. (35), (36) and (37) in the coupling expressions of Eqs. (31), (32) and (33) 
respectively, and taking into account the uncertainty radii of Eq. (34). Analogously, the maximum 
coupling effect without any non-diagonal controller -pure diagonal controller cases- can be computed 
substituting gij=0 in the Eqs. (31), (32) and (33) respectively -Eqs. (39), (41), (43)-. That is to say, 
 


2.4.1 Tracking 


( ) jjijjjijgg1ij ΔΔopt
ijij


gψc −=
=


        (38) 


( ) jjijij0g1ij Δ1
ij


gψc +=
=


        (39) 


 


2.4.2 Disturbance rejection at plant input 


ijijgg2ij Δopt
ijij


ψc =
=


         (40) 


( )ijij0g2ij Δ1
ij


+=
=


ψc          (41) 


 


2.4.3 Disturbance rejection at plant output 


( ) jjjjijijgg3ij ΔΔopt
ijij


gψc −=
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        (42) 
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ij
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        (43) 
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where, 


( ) jj
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ij


ij Δ1 gp
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ψ


++
=         (44) 


 


and the uncertainty is: n1,...,ji,forΔΔ0ΔΔ0 jjjjijij =≤≤≤≤ ,p,p **  


 
The coupling effects, calculated in the pure diagonal controller cases, result in three expressions (39), (41) 
and (43) that still present a non-zero value when the nominal-actual plant mismatching due to the 
uncertainty disappears: 0Δand0Δ jjij == . However, the coupling effects obtained with the optimum non-


diagonal controllers -Eqs. (38), (40) and (42)- tends to zero when that mismatching disappears. 
 


2.5 Design Methodology 


The proposed controller design methodology is a sequential procedure closing loops with four steps [2-7]: 
 
Step A: Controller structure, input-output pairing and loop ordering.   First, the methodology identifies 
the controller structure (minimum required elements of the controller matrix) and the input-output pairings 
by using the frequency-dependent Relative Gain Array –RGA- [10-11]. Then, the matrix P*(s) is 
reorganized so that [p11


*(s)]−1 has the smallest phase margin frequency, [p22
*(s)]−1 the next smallest phase 


margin frequency, and so on to guarantee the existence of a solution [1]. 
 
After that, the sequential design technique composed of n stages, as many as loops, performs the following 
two steps B and C for every column of the matrix compensator G(s) from k = 1 to n (Fig. 6). 
 
 
 
 
 
 
 
 
 
 
 


 
Fig. 6  Steps for controllers design 


 
Step B: Design of the diagonal compensator gkk(s).   The diagonal element gkk(s) is calculated through 
standard QFT loop-shaping [1] for the inverse of the equivalent plant [pkk


*e (s)]k
−1 in order to achieve 


robust stability and robust performance specifications [13-14]. The equivalent plant satisfies the recursive 
relationship (45) [13], which is an extension for the non-diagonal case of the recursive expression 
proposed by Horowitz [12] as the Improved design technique, also called Second method by Houpis et al. 
[1]. 
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If the control system requires tracking specifications as )(ω)(j)( ii
y/r
iiii ω≤≤ω bta then, because 


ii1crii
y/r
ii ttt += -Eq.(5)-, the tracking bounds bii and aii will have to be corrected with the coupling 


specification τc1ii, so that: 
 


bii
c = bii - τc1ii       ,     aii


c = aii + τc1ii       (46) 


c1ii1iiiic1ii τ≤= cwt          (47) 


)(ω)(j)( c
iirii


c
ii ω≤≤ω bta         (48) 


 
These are the same corrections proposed originally by Horowitz (see also [1]). However, with the 
proposed non-diagonal method these corrections will be less demanding. The coupling expression tc1ii = wii 
c1ii is now minor than in the previous diagonal methods –compare Eqs. (38) and (39)-. The off-diagonal 
elements gij (i≠j) of the matrix controller will attenuate or cancel that cross coupling. Then the diagonal 
elements gkk of the non-diagonal method will need less bandwidth than the diagonal elements of the 
previous diagonal methods. 
 
Step C: Design of the (n-1) non-diagonal elements gik(s) (i ≠ k, i = 1,2,...n).   The gik(s) (i ≠ k) elements of 
the k-th compensator column are designed to minimize the non-diagonal elements of the cross-coupling 
matrices according to different purposes: reference tracking (31), (35); disturbance rejection at plant input 
(32), (36); and disturbance rejection at plant output (33), (37). The resulting compensators gik(s) have to be 
casual and stable, and include the dominant dynamics. 
 
The off-diagonal controller elements can be allocated not only to reduce the coupling effects of the MIMO 
system, but also to reach complementary objectives, such as to remove RHP (right-half plane) 
transmission zeros introduced during the controller design [5], improve system integrity [13] and stability 
margins, reduce controller efforts, etc.  
 
Step D: Design of the prefilter.   The design of the prefilter F(s) does not present any additional difficulty 
because the final transfer function that relates R(s) to Y(s) shows less loop interaction thanks to the fully 
populated compensator design. Therefore, the prefilter F(s) can generally be a diagonal matrix. 
 


2.6 Stability Conditions 


Closed-loop stability of a MIMO system with a non-diagonal controller designed by using a sequential 
procedure is guaranteed by the following sufficient conditions [14]: 
 
(c.1) each Li(s) = gii(s) [pii


*e(s)]i
−1, i=1, ..., n, satisfies the Nyquist encirclement condition, 


(c.2) no RHP pole-zero cancellations occur between gii(s) and [pii
*e(s)]i


−1, i=1,...,n, 


(c.3) no Smith-McMillan pole-zero cancellations occur between P(s) and G(s), and 


(c.4) no Smith-McMillan pole-zero cancellations occur in ⏐P*(s) + G(s)⏐. 


2.7 Remarks 


It is important to note that the calculation of the equivalent plant [pkk
*e(s)]k


−1, (45), usually introduces some 
exact pole-zero cancellations. That operation could be precisely performed by using symbolic 
mathematical tools [1]. However, fictitious poles and zeros may be introduced when using numerical 
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calculus due to the typical rounding errors of the computer. Additionally, it is needed to determine the 
inverse of the plant matrix, which can also be numerically non-reliable. 
 
In this paper, these problems are overcome through a new frequency response computation method. That 
is, for each frequency of interest ω and for every set of parameters within the region of uncertainty, each 
element pij(jω) of the plant transfer function matrix is translated into a complex matrix Pfreq_ij that 
represents the frequency response of every plant element within the uncertainty. Thus, this complex matrix 
has as many rows as different cases generated due to the uncertainty and as many columns as frequencies 
(49). All the abovementioned calculations are then performed on the basis of this set of complex matrices 
by using element-by-element matrix operations. As a result, potential impediments related to practical 
computation are avoided. 
 
 
 
 


                                                            (49) 
 
 


 
 
 


 


 


At the same time, arbitrarily picking the wrong order of the loops to be designed can result in the non-
existence of a solution. This may occur if the solution process is based on satisfying an upper limit of the 
phase margin frequency ωφ, for each loop. Hence, Loop i having the smallest phase margin frequency will 
have to be chosen as the first loop to be designed. The loop that has the next smallest phase margin 
frequency will be next, and so on [1]. 
 
Although very remote, theoretically there exists the possibility of introducing RHP transmission zeros due 
to the compensator design. This undesirable situation can not be detected until the multivariable system 
design is completed. To avoid it the proposed methodology (Steps A, B and C) is inserted in a procedure 
introduced by Garcia-Sanz and Eguinoa [5]. Once the matrix compensator G(s) is designed, the 
transmission zeros of P(s) G(s) are determined using the Smith-McMillan form and over the set of 
possible plants ℑP due to uncertainty. If there exist new RHP transmission zeros apart from those initially 
present in P(s), they can be removed by using the non-diagonal elements placed in the last column of the 
matrix G(s). 
 


3.0 MIMO QFT CONTROL OF SPACECRAFT WITH FLEXIBLE 
APPENDAGES [7] 


This section summarizes the design of a robust non-diagonal MIMO QFT controller to govern the position 
and attitude of a Darwin-type spacecraft with large flexible appendages. The satellite is one of the flyers of 
a multiple spacecraft constellation for a future ESA mission. It presents a 6x6 high order MIMO model 
with large uncertainty and loop interactions introduced by the flexible modes of the low-stiffness 
appendages. The scientific objectives of the satellite require very demanding control specifications for 
position and attitude accuracy, high disturbance rejection, loop-coupling attenuation and low order 
controller. This section demonstrates the feasibility of sequential non-diagonal MIMO QFT strategies 
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controlling the Darwin spacecraft and compares the results with a previous H-infinity design. 


3.1 Description 


The Darwin mission consists of three to six telescopes arranged in a symmetric configuration flying in 
formation around a master satellite or central hub (Fig. 7). Darwin will employ nulling interferometry to 
detect and analyze through appropriate spectroscopy techniques the atmosphere of remote planets close to 
a bright star. The infrared light collected by the free flying telescopes will be recombined inside the hub-
satellite in such a way that the light from the central star suffers destructive interference and is cancelled 
out, allowing this way the much fainter planet easier to stand out. The interferometry requires very 
accurate and stable positioning of the spacecraft in the constellation, which puts high demands on the 
attitude and position control system. Darwin will be placed further away, at a distance of 1.5 million 
kilometers from Earth, in the opposite direction from the Sun (Earth-Sun Lagrangian Point L2 –Fig.8). 
 


          
 


Fig. 7  Darwin spacecraft (Artist's view. ESA courtesy) 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
Fig. 8  Earth-Sun Lagrangian Points and Darwin spacecraft location 


 
Each telescope flyer is cylindrically shaped (2 m diameter, 2 m height) and weighs 500 kg. In order to 
protect the instrument from the sunlight, it is equipped with a sunshield modeled with 6 large flexible 
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beams (4 m long and 7 kg) attached to the rigid structure (Fig. 9; beam end-point coordinates in brackets). 
The main mechanical characteristics of the Darwin-type Flyer are summarized in Table II. 
 
For every beam (Fig. 9), two different frequencies for the first modes along Y and Z beam axes are 
considered. Their frequency can vary from 0.05 Hz to 0.5 Hz, with a nominal value of 0.1 Hz, and their 
damping can vary from 0.1% to 1%, with a nominal value of 0.5%. As regards spacecraft mass and inertia, 
the corresponding uncertainty around their nominal value is of 5%. 
 
Based on the previous description and using a mechanical modeling formulation for multiple flexible 
appendages of a rigid body spacecraft, the open-loop transfer function matrix representation of the 
Darwin-type Flyer is given in (50) and Fig. 10: 
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where x, y, z are the position coordinates; ϕ, θ, ψ are the corresponding attitude angles; Fx, Fy, Fz are the 
force inputs; Tϕ, Tθ, Tψ are the torque inputs; and where every pij(s), i, j = 1,…,6, is a 50th order Laplace 
transfer function with uncertainty. 
 
 


 


 
Fig. 9  Darwin type 6 DOF satellite model 


 


The Bode diagram of the plant (Fig. 10) shows the dynamics of the 36 matrix elements. Each of them and 
the MIMO system (matrix) are minimum phase. The flexible modes introduced by the appendages 
(second-order dipoles) affect all the elements around the frequencies ω = [0.19, 10] rad/sec. The diagonal 
elements pii(s), i = 1,…,6, and the elements p15(s), p51(s), p24(s) and p42(s) are mainly double integrators 
plus the flexible modes. 


 


MIMO QFT Controller Design  
Reformulation – Application to Spacecraft with 


Flexible Appendages & Formation Flying in Low Earth Orbit  
 


RTO-EN-SCI-209 4 - 15 


 







Table II. Mechanical characteristics of the Darwin-type Flyer model 


Parameter Value 
Satellite body mass 500 kg 
Cylinder dimensions 2 m diameter, 2 m height 


Inertia tensor of satellite in control frame at satellite 
Centre of Mass 
(without reflector) 


[ ] 2
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Position of Centre of Mass in control frame at satellite 
Centre of Mass 


[0, 0, 0] m 


Sunshield mass 7 kg * 6 beams = 42 kg 
Beam length 4 m 
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Fig. 10  Darwin-type flyer dynamics 
 
The block diagram of the control system is shown in Fig. 11. The sensor module represents both the OPD 
(Optical Pathlength Differences) Fringe Tracker sensor and the FPM (Fine Pointing Metrology) sensor, 
which measure the satellite position and attitude, respectively. The actuators, FEEP (Field Emission 
Electric Propulsion) thrusters, are a type of electrostatic propulsion that provides very small and precise 
actuation (Table III). 
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Fig. 11  General 6x6 satellite control loop 
 
The external disturbances acting on the satellite (gravity gradient and solar pressure), although very small, 
are also modeled as forces and torques along the 3 axes. The gravity gradient is modeled as a constant bias 
and the solar pressure is represented as a white noise perturbation (Table III). 
 
 


Table III. Characteristics of sensors, actuators and external disturbances  


Name Characteristics Values 


Fine Pointing 
Metrology (FPM) 


For very precise relative attitude 
measurements 


θmeas = θtrue + WNFPM 


WNFPM = Attitude white noise. 


PSD of 10.66 mas/ Hz  along the 3 axes 
Attitude range:[-40; 40] arcsec 
Sampling frequency: 1Hz 


Optical Pathlength 
Differences (OPD) 
Fringe Tracker 


For precise 3-axis measure of position 
Xmeas = Xtrue + WNOPD 


WNOPD = Position white noise. 


PSD of 2 nm/ Hz  along the 3 axes 
Attitude range:[-1; 1] μm 
Sampling frequency: 1Hz 


FEEPS actuators 


For very small and precise actuation 
 
FFEEP = Fcommanded + WNFEEP 


TFEEP = Tcommanded + WNT_FEEP 


Force model: WNFEEP = Force white noise. 


PSD of 0.1 μN / Hz  along the 3 axes, which can eventually 


vary up to 0.5 μN / Hz . 
Force range:[-150; 150] μN 
Torque model: WNT_FEEP = Torque white noise. PSD of 0.1 


μNm / Hz  along the 3 axes, which can eventually vary up 


to 0.5 μNm / Hz . 
Torque range:[-150; 150] μNm 
Sampling frequency: 1Hz 


Solar Pressure 
FSun = BF_Sun + WNF_Sun 


TSun = BT_Sun + WNT_Sun 


Force model: WNF_Sun = Force white noise. 


PSD of 0.05 μN / Hz  along the 3 axes 
BF_Sun = 10 μN 
Torque model: WNT_Sun = Torque white noise. PSD of 0.1 μNm 


/ Hz  along the 3 axes 
BT_Sun = 10 μNm 


Gravity Gradient 
FGrav 


TGrav 
Force model: FGrav = 0.03 μN along the 3 axes 
Torque model: TGrav = 0.03 μNm along the 3 axes 


         θ = attitude. X = position. F = Force. T = Torque 


 
 
The original dynamics benchmark simulator, provided by ESA  and implemented under Matlab/Simulink, 
integrates all those elements constituting the whole satellite control system: sensors, actuators, dynamics, 
disturbances, etc. (Fig. 11). For each performance evaluation campaign, 300 random dynamics within the 
uncertainty (Monte-Carlo analysis) are generated to evaluate the performance of the controllers. 
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Table IV. Darwin-type Flyer requirements 


 Objective Numerical Requirement 
Maximum absolute value:  


1 µm for all axes  
Position accuracy 


Standard deviation:  
0.33 µm for all axes  


Maximum absolute value:  
25.5 mas for all axes (3 σ) 


Astronomical Requirements 


Pointing accuracy 
Standard deviation:  


8.5 mas for all axes (1 σ) 
Bandwidth ∼ 0.01 Hz for all axes 


Saturation limits 
Maximum force: 150 µN 


Maximum torque: 150 µNm  Engineering Requirements 


Rejection of high frequency noises 
(from measurement and actuation) 


High roll-off after the bandwidth 


Stability margins 
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ω


ω


jmax


jmax


S


T
 


Loop interaction Minimum 
Rejection of flexible modes  Maximum 


Control Requirements 


Controller complexity and order Minimum 


 


3.2 Control objectives 


The main objective of the spacecraft is to fulfill some astronomical requirements that demand to keep the 
flying telescope pointing at both the observed space target and the central hub-satellite. This set of 
specifications leads to some additional engineering requirements (bandwidth, saturation limits, noise 
rejection, etc.) and also needs some complementary control requirements (stability, low loop interaction, 
low controller complexity and order, etc.) –Table IV-. 
 


3.3 Non-diagonal MIMO QFT Controller Design 


The sequential non-diagonal MIMO QFT methodology previously described in Section 2 [2-7] is applied 
here to control the position and attitude of the Darwin-type Flyer. 
 


3.3.1 Relative Gain Array Interaction Analysis –Step A- 


The Relative Gain Array (RGA) of a non-singular square matrix P is a scale-invariant measure of 
interactions. Its original definition introduced by Bristol [11] was only proposed for steady state (ω = 0 
rad/sec). However, the RGA can also be computed frequency-by-frequency (51) and used to assess the 
interaction at frequencies other than zero [10]. In most cases, the value of RGA at frequencies close to 
crossover is the most important one. 
 


( ) ( )[ ] ( ) ( )( )T
RGA


 1
ij jjjj ωωωλω −⊗== PP     (51) 


 
where ⊗ denotes element-by-element multiplication (Schur product). Further information on how to 
interpret the RGA results and select pairings can be found at [10, 11]. 
 
The 6x6 (position and attitude) dynamic model of the Darwin-type spacecraft with large flimsy 
appendages has been analyzed by using the RGA method as a function of frequency and for the whole set 
of parameter uncertainty. Although the matrix obtained by means of (51) is a complex one, only the 
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absolute values are presented. By examining the corresponding matrices at each frequency, it is observed 
that the steady state results extend through low frequency up to 0.19 rad/sec. As a representative example 
within this range, (52) shows the results for the most coupled plant within the uncertainty at ω = 6.28⋅10-4 
rad/sec. According to it, the pairing should be done through the main diagonal of the matrix, which 
contains positive RGA elements, and the elements g15(s), g24(s), g42(s), g51(s) should also be considered 
relevant. 
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If the analysis is performed at high frequency, it produces the same concluding results in the entire 
spectrum starting at 3.51 rad/sec. 
 
So far, the retained compensator elements would be those of the RGA matrix marked in bold in (52). 
Nevertheless, as aforementioned, the RGA elements increase and more interactions are founded in the 
interval of frequencies where the flexible modes of the satellite mostly affect (i.e. ω = [0.19-3.51] rad/sec), 
as can be seen in (53) and (54) for the most coupled plants at ω = 0.8 rad/sec and 1 rad/sec, respectively. 
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3.3.2 Controller Structure 


In accordance with the above RGA results and taking into account the requirement of minimum controller 
complexity and order (Table IV), a first compensator structure consisting of six diagonal elements and 
four off-diagonal elements is chosen as the most suitable one (55). 
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From this, four independent compensator design problems have been adopted, two SISO and two 2x2 
MIMO problems: [g33(s)] and [g66(s)]; [g11(s)  g15(s) ; g51(s)  g55(s)] and [g22(s)  g24(s) ; g42(s)  g44(s)], 
respectively. The SISO problems will be considered from the classical SISO QFT point of view, while the 
two 2x2 MIMO subsystems will be studied through the non-diagonal MIMO QFT methodology. The 
coupling detected in the range of frequencies of the flexible modes will be considered in the course of the 
design procedure through more demanding specifications with respect to disturbance rejection. Provided 
the performance results were not satisfactory, then the compensator structure should be filled up with 
additional off-diagonal compensators consistent with (53) and (54): g34, g35, g43, g45, g53 and g54 elements. 
 


3.3.3 Robust Closed-Loop Specifications 


The applied non-diagonal and diagonal MIMO QFT techniques design each loop individually, including 
the multivariable characteristic by means of their corresponding equivalent plant. So, the robust closed-
loop specifications are defined in terms of SISO expressions for both SISO and MIMO subsystems.  
 
Since these methodologies are frequency domain techniques, there is obviously a need for translating time 
domain requirements (Table IV) into the frequency domain. The original specifications in Table IV 
impose maximum and standard deviation values on the position and attitude time error signals, as well as 
actuator forces and torques. Their translation into the frequency domain is based on control-ratio models 
[9], and takes into account the expected external disturbances on the Darwin-type flyer, the spacecraft 
flexible modes and the coupling among loops. As a result, four Type of specifications are defined to 
calculate the QFT bounds: Type 1: Robust stability; Type 2: Robust sensitivity; Type 3: Robust 
disturbance rejection at plant input; and Type 4: Robust control effort attenuation. 
 
The notation used for the signals in the following description of specifications refers to the scheme of the 
generic MIMO subsystem presented in Fig. 12. The compensators have been designed within the set of 
frequencies of interest ω = [6.28⋅10-4, 62.8] rad/sec. 


 


Fig. 12  Structure of a 2 Degree of Freedom MIMO System 
 
Type 1: Robust Stability specification 


This specification, shown in (56), is stated to guarantee a robust stable control. All the required values, 
displayed loop by loop in (57) and (58), imply at least 1.54 (3.75 dB) gain margin and at least 49.25º 
phase margin. The specification corresponds not only to the closed-loop transfer function yi(s)/ri(s), but 
also to transfer functions yi(s)/ni(s) and ui(s)/vi(s). Hence this condition additionally imposes the 
requirements on sensor noise attenuation, disturbance rejection at plant input and flexible modes. 
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where [pii


*e(s)]i
-1 is the inverse of the equivalent plant (45), which corresponds to pii(s) in SISO designs. 
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Loops 1, 2 and 3:  δ1(ω) = 1.85    ;  ∀ω    (57) 
 


Loops 4, 5 and 6:  
0.0912s0.4s


0.1687
21 ++


=)(ωδ     ;  ∀ω           (58) 


 
Type 2: Sensitivity reduction 


The main objective of this specification, (59) and (60), is sensor noise attenuation and reduction of the 
effect of the parameter uncertainty on the closed-loop transfer function. It corresponds to ei(s)/ni(s) and 
[dtii(s)/tii(s)] / [dpii(s)/pii(s)] transfer functions. 
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      (59) 


 
All loops: δ2(ω) = 2    ;   ∀ω    (60) 


 
Type 3: Rejection of disturbances at plant input 


Solar pressure perturbation and gravity gradient are considered to affect at plant input in the form of both 
force and torque. The purpose of this specification (61), which corresponds to ei(s)/vi(s) and yi(s)/vi(s) 
transfer functions, is to attenuate the effect of plant input disturbances on the control error and the output 
signal. Thus, a high gain is required in the low frequency band, (62) to (64). Besides, since vi(s) also 
represents the flexible modes, special attention is paid to their frequency range mainly to accomplish the 
attitude requirements. 
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Loops 4, 5 and 6:  
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Type 4: Control signal 


Because of saturation limits, control signal movements should be kept reasonably small despite 
disturbances coming from actuators and sensors. This specification, (65), corresponds to ui(s)/ni(s) transfer 
function and is depicted in (66)-(68). 
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Reducing coupling effects as much as possible 


The coupling effects from other axes can be considered as part of the disturbances acting at the input of 
the equivalent SISO plant. The way of designing the non-diagonal elements of the matrix compensator 
deals with the aim of minimizing the off-diagonal elements of the coupling matrix (32). 
 


3.3.4 SISO Design Problems: g33(s), g66(s) 


Compensators g33(s) and g66(s) are independently designed by using classical SISO QFT [1] to satisfy the 
robust stability and robust performance specifications stated in Section 3.3.3 for every plant within the set 
of uncertain plants. The corresponding QFT bounds and the nominal case of the designed open-loop 
transfer functions Lii(s) = pii(s) gii(s), i = 3, 6, are plotted on the Nichols Chart for some of the most 
relevant frequencies in Fig. 13(a) and 13(b) for loops 3 and 6 respectively. Both designs satisfy not only 
their respective bounds but also the Nyquist encirclement condition, and no RHP pole-zero cancellations 
occur between g33(s) and p33(s), nor between g66(s) and p66(s). The Bode plot of each compensator can be 
found in Section 3.6, where g33(s) [Fig. 18(a)] and g66(s) [Fig. 18(b)] are represented in solid line in 
comparison with the H-infinity design (dashed line) introduced in Section 3.5. The QFT compensator 
expressions are presented in Section 3.5. 
 


 
                                             (a)                                                                                   (b) 


 
Fig. 13  Loop-shaping (a) L33(s) = p33(s) g33(s). (b) L66(s) = p66(s) g66(s) 
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3.3.4.1 First MIMO Problem: g11(s), g51(s), g55(s), g15(s) Design 


The compensator for this 2x2 MIMO problem has been designed by applying the non-diagonal MIMO 
QFT methodology developed by Garcia-Sanz et al. [1-7] and outlined in Section 2. In this particular case, 
the plant to be controlled is composed of the following elements coming from the original 6x6 Darwin-
type spacecraft model P15(s) = [p11(s)  p15(s) ; p51(s)  p55(s)], whose inverse matrix is P15*(s) = [P15(s)] -1 = 
[p11


*(s)  p15
*(s) ; p51


*(s)  p55
*(s)]. 


 
Step A: Arrangement of the system 


First, the methodology adopts the structure and the pairing of inputs and outputs given by the RGA 
technique in (55) and arranges the plant inverse matrix P15*(s) so that the inverse of the first diagonal 
element in this matrix has the smallest phase margin frequency [1]. In some cases, arbitrarily picking the 
wrong order of the loops could lead to the non-existence of a solution. In the present problem, the 
bandwidth of the loops is quite similar. Then, any order can be selected to design the non-diagonal MIMO 
QFT compensators.  
 
Step B1: Design of the diagonal compensator g11(s) 


The diagonal compensator g11(s) is designed through standard QFT loop-shaping [1] for the inverse of the 
equivalent plant [p11


*e(s)]1 = p11
*(s) to fulfill the robust stability and robust performance specifications 


determined in Section 3.3.3 for every plant within the set of uncertain plants. Fig. 14(a) shows the nominal 
case of the designed open-loop transfer function L11(s) = [p11


*e(s)]1
−1 g11(s) in bold solid line, which 


satisfies the QFT bounds, also represented in the figure. Additionally, the design fulfils the first two 
sufficient stability conditions (c.1) and (c.2) (Section 2.6). That is, L11(s) = [p11


*e(s)]1
−1 g11(s) satisfies the 


Nyquist encirclement condition and no RHP pole-zero cancellations occur between g11(s) and [p11
*e(s)]1


−1. 
The Bode plot for the obtained compensator g11(s) is presented in Fig. 19(a) (solid line) together with the 
design of the H-infinity approach. 
 


 
                                          (a)                                                                                    (b) 


 
Fig. 14  Loop-shaping (a) L11(s) = [p11


*e(s)]1
−1 g11(s). (b) L55(s) = [p55


*e(s)]2
−1 g55(s) 


 
Step C1: Design of the non-diagonal compensator g51(s) 


The non-diagonal compensator g51(s) is designed to minimize the (5,1) element of the coupling matrix in 
the case of disturbance rejection at plant input (32), which gives the following expression: 
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( ) ( )spsg *opt N
5151 −=      (69) 


 
where N denotes the plant that minimizes the maximum of the non-parametric uncertainty radii 
comprising the plant templates on the Nichols Chart. Due to the uncertainty, the expression [-p51


*(s)] 
determines a region in the magnitude and phase plots, where the compensator g51(s) is shaped following 
the mean value at every frequency ω ∈ [0, 0.1] rad/sec [see Fig. 15 with g51(s) interpolating the plot]. The 
compensator Bode plot is compared in Fig. 19(c) with that of the (5,1) element of the H-infinity 
compensator introduced in Section 3.5. 
 


 
 


Fig. 15  Magnitude plot of [-p51
*(s)] with uncertainty and g51(s) –bold solid line- 


 
Step B2: Design of the diagonal compensator g55(s) 


As in step B1, the diagonal compensator g55(s) is designed to control the inverse of the equivalent plant, 
[p55


*e(s)]2
−1, which takes the compensator previously designed into account (45). 
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On the basis of the robust specifications defined in Section 3.3.3 for [p55


*e(s)]2
−1, and also taking into 


account the plant uncertainty, the QFT bounds are computed. Then, the compensator is designed by 
classical loop-shaping on the Nichols Chart, as is shown in Fig. 14(b). Not only does the design fulfil the 
bounds but also the first two stability conditions of (c.1) and (c.2) from Section 2.6. In other words, L55(s) 
= [p55


*e(s)]2
−1 g55(s) satisfies the Nyquist encirclement condition and no RHP pole-zero cancellations occur 


between g55(s) and [p55
*e(s)]2


−1. The Bode plot of g55(s) is presented in Fig. 19(d). 
 
Step C2: Design of the non-diagonal compensator g15(s) 


Due to the requirement of minimum controller complexity and order (Table IV), the non-diagonal 
compensator g15(s) has been set to zero. Anyway, the equivalent expression to the one used in (69), 
g15


opt(s) = -p15
*N(s), could be applied to cancel interaction in both directions in the MIMO subsystem. 


 
At this point, once the whole controller of the MIMO subsystem has been determined, the last two 
stability conditions mentioned in Section 2.6, (c.3) and (c.4), are checked. The system is stable. Finally, 
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the non-existence of RHP transmission zeros of P(s) G(s) is checked by using the Smith-McMillan form 
over the set of possible plants ℑP due to uncertainty [5]. The non-diagonal MIMO QFT compensator 
expressions are presented in Section 3.6. 
 


3.3.4.2 Second MIMO Problem: g22(s), g42(s), g44(s), g24(s) Design 


The second MIMO problem consists of the following elements: P24(s) = [p22(s)  p24(s) ; p42(s)  p44(s)]. 
From the 2x2 plant inverse matrix P24*(s) = [P24(s)]-1 = [p22


*(s)  p24
*(s) ; p42


*(s)  p44
*(s)] and taking into 


account the robust stability and robust performance specifications (Section 3.3.3), the non-diagonal MIMO 
QFT methodology is equivalently performed by following the steps detailed in Section 2. 
 
The loop-shaping for the diagonal compensator elements g22(s) and g44(s) are shown in Fig. 16(a) and 
16(b), respectively. The Bode plots for the four compensators are shown in Fig. 20(a), (b), (c) and (d) for 
g22(s), g24(s), g42(s), g44(s), respectively. The 2x2 MIMO subsystem is found to be stable according to the 
sufficient stability conditions (Section 2.6). Finally, it is also checked that no additional RHP zeros have 
been introduced by the compensator [5]. The non-diagonal MIMO QFT compensator expressions are 
presented in Section 3.6. 
 


 
                                           (a)                                                                                  (b) 


 
Fig. 16  Loop-shaping (a) L22(s) = [p22


*e(s)]1
−1 g22(s). (b) L44(s) = [p44


*e(s)]2
−1 g44(s) 


 


3.4 Diagonal MIMO QFT Controller Design 


For the sake of comparison, the sequential diagonal MIMO QFT methodology developed by Horowitz 
[12] is also applied to control the position and attitude of the Darwin-type Flyer. Based on the same robust 
closed-loop specifications defined in Section 3.3.3, this technique uses a sequential procedure similar to 
the one detailed in Section 2.5 (Step B), where the recursive expression of the equivalent plant is a 
simplified case of (45), with gij (s) = 0 (i ≠ j). 
 
For the Darwin-type Flyer, the loop-shaping step of the diagonal method requires the same diagonal 
compensators gii (s) as the non-diagonal one. This happens because, in this case, in the middle and high 
frequency range the off-diagonal elements gij(s) (i ≠ j) of the non-diagonal controller have less relative 
influence than the corresponding pij


*(s) elements in the equivalent plant (45). Differences between both 
MIMO QFT controllers arise in the low frequency range, as can be observed in Fig. 17. The C2(5,1) 
element of the coupling matrix for disturbances at plant input (32) is plotted for a representative plant case 
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and for the three controllers: non-diagonal and diagonal MIMO QFT and H-infinity designs. For the 
frequency range ω ∈ [0, 0.1] rad/sec it is shown that C2(5,1)non-diag QFT < C2(5,1)diag QFT < C2(5,1)H-infinity, 
which explains why the non-diagonal MIMO QFT improves the diagonal MIMO QFT and the H-infinity 
controller results under low frequency external disturbances (see Section 3.6.2). 
 


 
 


Fig. 17  Element (5,1) of the coupling matrix C2: non-diagonal MIMO QFT in solid line, diagonal MIMO QFT in 
dotted line, H-infinity in dashed line 


 


3.5 Controllers 


The notation adopted for transfer function expressions denotes the steady state gain as a constant without 
parenthesis; simple poles and zeros as (ω), which corresponds to (s/ω + 1) denominator and numerator, 
respectively; poles and zeros at the origin as (0); conjugate poles and zeros as [ξ ; ωn], with ((s/ωn)


2 + 
(2ξ/ωn) s + 1) denominator and numerator, each; n-multiplicity of poles and zeros as an exponent ( )n. 
 
The non-diagonal MIMO QFT compensator consists of the following eight elements: g11(s) = g22(s) = 
{31.5 (0.6194) (0.2138) (0.1663) (0.1649)} / {(0.666) (0.4982) (0.07526) [0.676; 1.479]}  ;  g51(s)  =  -
g42(s) = {42.4 (0)2 } / {(0.3)3}; g15(s)  =  g24(s) = 0; g33(s) = {125 (0.13) (0.057) [0.07019; 0.3565] [1; 
0.02]} / {(1.48) (0.7875) (0.2) (0.004) (0.00246) [0.18; 0.314]}; g44(s) = {2.242 (0.03412) [0.08644; 
0.7114] [0.1131; 0.3414] [0.1145; 0.2604] [0.008792; 0.2593] [0.7; 0.0052] [1; 0.0007]} / {(0.9776) (0.8) 
(0.0005)2 [0.2451; 0.2708] [0.297; 0.2673] [-0.0005; 0.254] [0.14; 0.252] [0.7; 0.0045]}; g55(s) = {2.242 
(0.13) (0.03) [0.1079; 0.7099] [0.07069; 0.341] [0.03; 0.2593] [0.7; 0.0052] [1; 0.0007]} / {(0.9776) (0.8) 
(0.12) (0.0005)2 [0.2451; 0.2708] [-0.0008; 0.254] [0.3; 0.25] [0.7; 0.0045]}; g66(s) = {2.242 (0.02584) 
[0.08644; 0.7114] [0.1131; 0.3414] [0.1145; 0.2604] [0.008792; 0.2593] [0.7; 0.0052] [1; 0.0007]} / 
{(0.9776) (0.8) (0.0005)2 [0.2451; 0.2708] [0.297; 0.2673] [-0.0007; 0.254] [0.1687; 0.241] [0.7; 
0.0045]}. 
 
The diagonal MIMO QFT compensator consists of the same diagonal elements gii(s) as the non-diagonal 
compensator abovementioned, and gij(s) = 0, i ≠ j. 
 
The main elements of the 1-DOF H-infinity compensator are shown in Figs. 18-20. Their dc gains stay 
within the range [-15 dB, 26 dB]. The remaining 26 elements present a very low gain, going from -260 dB 
to -330 dB. 
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(a) 


 
(b) 


Fig. 18  Bode Diagram Compensators: non-diagonal and diagonal MIMO QFT in solid line,  
H-infinity in dashed line. (a) g33(s), (b) g66(s) 


 


 
(a) 


 


 
(b) 


 


 
(c) 


 
(d) 


Fig. 19  Bode Diagram Compensators: non-diagonal MIMO QFT in solid line [also diagonal MIMO QFT for g11(s) and g55(s)], 
H-infinity in dashed line. (a) g11(s), (b) g15(s), (c) g51(s), (d) g55(s) 
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(c) 


 


 
(d) 


 
Fig. 20  Bode Diagram Compensators: non-diagonal MIMO QFT in solid line [also diagonal MIMO QFT for 


g22(s) and g44(s)], H-infinity in dashed line. (a) g22(s), (b) g24(s), (c) g42(s), (d) g44(s) 
 


3.6 Comparative evaluation 


This section shows a comparative analysis of the sequential non-diagonal MIMO QFT controller, designed 
above for the 6x6 Darwin-type Flyer, with both sequential diagonal MIMO QFT and H-infinity 
controllers. First, comparative Bode plots of the compensators are shown. Then, time performance results 
are presented (astronomical requirements), followed by open-loop bandwidth, and forces and torques 
comparison (engineering requirements). Finally, the stability objectives and the order of each compensator 
are analyzed (control requirements). 
 


3.6.1 Compensators Bode Plots 


The Bode plots are presented for the compensators of the non-diagonal MIMO QFT (solid line) in 
comparison with those of the H-infinity (dashed line). Note that, in this case, the diagonal MIMO QFT 
method yields the same diagonal compensators as the non-diagonal MIMO QFT technique. Fig. 18 
presents the results for the two SISO subsystems g33(s) and g66(s), (a) and (b) respectively. Fig. 19 plots 
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the compensators of the 2x2 MIMO subsystem composed of g11(s), g15(s), g51(s) and g55(s) elements. The 
g22(s), g24(s), g42(s) and g44(s) compensator elements that conform the other 2x2 MIMO subsystem are 
shown in Fig. 20. Note that g15(s) and g24(s) have been set to zero in the non-diagonal MIMO QFT design. 
Additionally, according to the RGA results in (55) the remaining elements of the controller matrix G(s) 
designed with this technique equal zero. By contrast, those 26 elements present a non-zero, although very 
small, magnitude response when they are designed with the H-infinity technique. Finally, the off-diagonal 
elements of the diagonal MIMO QFT are obviously zero. 
 


Table V. Time simulation performance with the three controllers 


 Specification Requirement Benchmark 
Non-diagonal 
MIMO QFT 
Controller 


Diagonal 
MIMO QFT 
Controller 


H-infinity 
Controller 


1 
Maximum Position 


Error X (µm) 
< 1 µm 


B1 
B2 


0.0131 
0.0816 


0.0131 
0.0816 


0.0293 
0.511 


2 
Maximum Position 


Error Y (µm) 
< 1 µm 


B1 
B2 


0.0120 
0.0120 


0.0120 
0.0120 


0.0299 
0.0299 


3 
Maximum Position 


Error Z (µm) 
< 1 µm 


B1 
B2 


0.0288 
0.0288 


0.0288 
0.0288 


0.0292 
0.0292 


4 
Maximum Attitude 


Error X (mas) 
< 25.5 mas 


B1 
B2 


25.27 
25.27 


25.31 
25.31 


25.95 
25.95 


5 
Maximum Attitude 


Error Y (mas) 
< 25.5 mas 


B1 
B2 


22.91 
22.55 


22.99 
23.75 


23.21 
28.91 


6 
Maximum Attitude 


Error Z (mas) 
< 25.5 mas 


B1 
B2 


21.15 
21.15 


21.15 
21.15 


22.84 
22.84 


7 
Std. Deviation of 
Position Error X 


(µm) 
< 0.33 µm 


B1 
B2 


0.00275 
0.0511 


0.00276 
0.0511 


0.00686 
0.341 


8 
Std. Deviation of 
Position Error Y 


(µm) 
< 0.33 µm 


B1 
B2 


0.00265 
0.00265 


0.00266 
0.00266 


0.00722 
0.00722 


9 
Std. Deviation of 


Position Error Z (µm) 
< 0.33 µm 


B1 
B2 


0.00668 
0.00668 


0.00668 
0.00668 


0.00691 
0.00691 


10 
Std. Deviation of 
Attitude Error X 


(mas) 
< 8.5 mas 


B1 
B2 


5.57 
5.57 


5.57 
5.57 


5.68 
5.68 


11 
Std. Deviation of 
Attitude Error Y 


(mas) 
< 8.5 mas 


B1 
B2 


5.76 
5.80 


5.76 
5.85 


6.01 
8.23 


12 
Std. Deviation of 
Attitude Error Z 


(mas) 
< 8.5 mas 


B1 
B2 


4.83 
4.83 


4.83 
4.83 


5.00 
5.00 


13 
Maximum Actuator 
Force Command X 


(N) 
< 1.5e-4 N 


B1 
B2 


1.94e-6 
3.94e-6 


1.94e-6 
3.94e-6 


7.42e-7 
3.31e-6 


14 
Maximum Actuator 
Force Command Y 


(N) 
< 1.5e-4 N 


B1 
B2 


1.86e-6 
1.86e-6 


1.86e-6 
1.86e-6 


6.68e-7 
6.68e-7 


15 
Maximum Actuator 
Force Command Z 


(N) 
< 1.5e-4 N 


B1 
B2 


5.94e-7 
5.94e-7 


5.94e-7 
5.94e-7 


5.61e-7 
5.61e-7 


16 
Maximum Actuator 
Torque Command X 


(Nm) 
< 1.5e-4 N m 


B1 
B2 


8.68e-7 
8.68e-7 


8.71e-7 
8.71e-7 


1.03e-6 
1.03e-6 


17 
Maximum Actuator 
Torque Command Y 


(Nm) 
< 1.5e-4 N m 


B1 
B2 


1.05e-6 
1.06e-6 


1.05e-6 
1.06e-6 


1.15e-6 
1.16e-6 


18 
Maximum Actuator 
Torque Command Z 


(Nm) 
< 1.5e-4 N m 


B1 
B2 


1.08e-6 
1.08e-6 


1.08e-6 
1.08e-6 


1.27e-6 
1.27e-6 
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3.6.2 Astronomical Requirements 


Time simulations are performed for 300 random dynamics within the uncertainty range (MonteCarlo 
analysis) in the original ESA benchmark simulator (B1) described in Section 3.1 and in a complementary 
benchmark (B2), both developed under Matlab/Simulink. The latter just adds to B1 a low frequency 
disturbance force at plant input along the X-axis (magnitude: 2 μN, frequency: ω = 0.05 rad/sec) in order 
to consider disturbance rejection and coupling attenuation at low frequencies. In each simulation, the 
criteria appearing in Table IV are computed over the entire simulation time (i.e. 5000 sec). 
In order to characterize the minimum performance obtained, the worst results reached by every controller 
are presented in Table V. In other words, for each controller, the greatest value over the 300 uncertain 
cases is shown for the maximum and the standard deviation of position and attitude errors, as well as for 
maximum actuator commands, in all axes. Then, it is possible to verify whether the worst performance 
still respects the requirement. The bold number in every row of Table V represents the best result (best 
control strategy) for every particular specification. 
 
Position errors (1,2,3,7,8,9 –Table V) 


By inspecting Table V, it is found that the performance obtained in time simulations is very good 
concerning position accuracy, since the requirements are easily fulfilled (an improvement of two orders of 
magnitude with respect to the specification is achieved in benchmark B1, and at least one order of 
magnitude in benchmark B2) for maximum and standard deviation values. The non-diagonal MIMO QFT 
design either equals or slightly improves the diagonal MIMO QFT. Both QFT controllers improve the H-
infinity results for the two benchmarks. 
 
Attitude errors (4,5,6,10,11,12 –Table V) 


The specification for the highest attitude error is harder to meet mainly because of the effect of the flexible 
modes. Some of the maximum attitude values of the H-infinity even exceed the 25.5 mas required: see 
benchmark B1 (4 –Table V) and benchmark B2 (4,5 –Table V). Again, the MIMO QFT methodologies 
improve the results of the H-infinity controller in the six attitude error cases (4,5,6,10,11,12 –Table V). 
 
Once more, the non-diagonal MIMO QFT either equals or improves the diagonal QFT controller results. 
The greatest differences between both controllers can be observed at the Attitude Error along the Y-axis 
(5,11 –Table V), especially for benchmark B2. There, the non-diagonal design decreases the standard 
deviation attitude error by 0.85 % (11 –Table V) and the maximum attitude error by 5.05 % (5 –Table V) 
with respect to the values reached by the diagonal compensator. These improvements could turn out to be 
relevant to the astronomical mission. Their achievement is due to the fact that the off-diagonal 
compensators have been designed to minimize the coupling at low frequencies, which are principally 
stressed in the second benchmark. 
 


3.6.3 Engineering Requirements 


 
Saturation limits. Actuator commands (13,14,15,16,17,18 –Table V) 


As can be seen in Table V, actuation is very small and far below the saturation limits. The results for the 
three controllers remain at similar values (13,14,15,16,17,18 –Table V). 
 
Open-loop Bandwidth Comparison 


The open-loop cross-over frequency results of the six SISO loop subsystems are shown in Table VI. These 
measures correspond to the smallest frequencies in Hz where the transfer functions of the open-loop of 
each SISO subsystem pii(s) gii(s) [without the coupling elements pij(s), i ≠ j] are equal to 0 dB. The 
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minimum performance for each of the three designs has been established as the minimum bandwidth value 
over the 300 random satellite dynamics. Obviously, the bandwidth results for the two MIMO QFT designs 
coincide since their diagonal compensators are the same. A value of 0.01 Hz is considered a good 
compromise choice for bandwidth. Since the frequencies of the first flexible modes are within the range 
[0.05, 0.5] Hz, the open-loop cross-over frequencies for attitude and position are tuned to be as high as 
possible while simultaneously preventing the flexible modes from disturbing the system output 
performance. 
 


Table VI. Frequency performance with the three controllers 


 Requirement 
Non-diagonal 
MIMO QFT 
Controller 


Diagonal MIMO 
QFT Controller 


H-infinity 
Controller 


Position Bandwidth X (Hz) 0.01 Hz 0.0464 0.0464 0.0229 
Position Bandwidth Y (Hz) 0.01 Hz 0.0472 0.0472 0.0206 
Position Bandwidth Z (Hz) 0.01 Hz 0.0212 0.0212 0.0205 
Attitude Bandwidth X (Hz) 0.01 Hz 0.00949 0.00949 0.0102 
Attitude Bandwidth Y (Hz) 0.01 Hz 0.0102 0.0102 0.0102 
Attitude Bandwidth Z (Hz) 0.01 Hz 0.00883 0.00883 0.0102 


12.73 (Max) 11.51 (Max) 4.70 (Max) ( )ω
ω


jTmax  (dB) <6 dB 
5.64 (Mean) 5.55 (Mean) 4.69 (Mean) 
13.11 (Max) 12.05 (Max) 6.24 (Max) ( )ω


ω
jSmax  (dB) <6 dB 


6.69 (Mean) 6.60 (Mean) 5.48 (Mean) 


 
For the position transfer functions, the three controllers exceed the 0.01 Hz recommendation (two and 
even four times depending on the controller and the axis). However, the flexible modes mostly affect the 
attitude transfer functions and do not impose such strong constraints on the position transfer functions. 
Consequently, it is possible to go over 0.01 Hz for the position loops, as is proved by the satisfying time 
domain results in Table V. 
 
For the attitude transfer functions, the open-loop cross-over frequencies are around 0.01 Hz for the H-
infinity and for both the non-diagonal and diagonal MIMO QFT designs. 
 


3.6.4 Control Requirements 


 
Stability Objectives 


Stability and performance specifications are essentially described as mathematical expressions ready to be 
used during the design process of the controller. These expressions usually differ from one control 
methodology to another provided they are based on distinct approaches, which is the case of H-infinity 
and QFT-based methodologies. In this paper the stability specifications have been defined in two different 
ways:  
 
a) Stability conditions of Section 2.6 for MIMO QFT (Nyquist criterion for sequential methods). 
b) Margins on ( )ω


ω
jmaxT  and ( )ω


ω
jmax S  for H-infinity (classical criterion for MIMO systems). 


 
The non-diagonal and the diagonal MIMO QFT controllers fulfill the stability conditions for sequential 
procedures defined in Section 2.6. The H-infinity compensator fulfills the margins of T(s) and S(s) defined 
in Table VI. With respect to this classical interpretation of robust stability, the QFT approaches respect 
them in most of the cases (mean), but not in several cases (max). This is due to the fact that these 
interpretations of the stability margins (which are indeed a margin of a margin) are not integrated as a 
design specification in the core of QFT techniques. 
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Since stability and performance specifications are only interpretations of the functional requirements 
(astronomical and engineering requirements –Table IV-), the designer should be aware of which tradeoffs 
need to be made. Essentially, the interpretation of reality in terms of a particular theory can never replace 
the real world itself. In the absence of the real system implementation or a suitable prototype to be used 
instead, the designer must manage time domain simulations in order to verify the control system behavior 
[1]. That interpretation was done and successfully validated in the previous sections of the paper. 
 
Additionally, the classical margins on ( )ω


ω
jmaxT  and ( )ω


ω
jmax S  are stability MIMO margins, but they do 


not include phase information. This fact makes them sufficient, but not necessary conditions and could 
yield very conservative controllers in some situations. Although the three methods are robust stable 
according to their own requirement and to time domain simulations, future research work to re-interpret 
both types of robust stability conditions and margins constitute one of the next research objectives.  
 
Controller Complexity and Order  


The number of operations that have to be performed per sampling period may place restrictions on the 
compensator design. The implementation of a controller based on the state space representation differs 
from that based on transfer functions. The former appears to have a common denominator for every 
element of the compensator when it is transformed into transfer function description and the latter does not 
actually need it. Indeed, the expression of each control signal in a transfer function matrix depends on its 
corresponding row of the compensator matrix. But even there, common denominators are not needed. The 
control signal ui(s) is computed as the sum of signals generated by every compensator in the i-th row. 
 
In order to make a realistic comparison of the computational cost of the different controllers (non-diagonal 
MIMO QFT, H-infinity and diagonal MIMO QFT), the number of sums and multiplications computed in 
each sample at the final implementation are analyzed. Following the same discretization process, the 
values in Table VII are obtained. The compensator matrix of the H-infinity design expressed in transfer 
function description presents 36 elements having 42nd order. The diagonal MIMO QFT design consists of 
six diagonal compensators going from 5th to 14th order. The non-diagonal MIMO QFT design consists of 
eight compensators going from 3rd to 14th order. 
 


Table VII. Computational cost per sampling for the three controllers 


Controller Number of Multiplications Number of Sums 
Non-diagonal MIMO QFT 130 124 


H-infinity 2994 2988 
Diagonal MIMO QFT 116 110 
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4.0 MIMO QFT CONTROL OF FORMATION FLYING IN LOW EARTH 
ORBIT [8] 


This section applies the reformulation of the non-diagonal MIMO QFT methodology (which also 
considers matrix specifications) (see [8] for details) to control a spacecraft flying in formation with respect 
to a central body in a circular low Earth orbit with uncertainty. The example presents some extra 
difficulties such as RHP zeros, poles on the imaginary axis, required RHP transmission zeros in the 
compensator, uncertainty, etc. 


4.1 Motivation 


In the last few decades, there has existed a growing interest in control of multiple spacecraft flying in 
formation, which was initiated by Wiltshire and Clohessy with their early works about rendezvous. That 
interest is shown by the increasing published literature on the subject; see for example the recent special 
issues of the IET Control Theory and Applications journal, edited by Garcia-Sanz, and of the International 
Journal of Robust and Nonlinear Control, edited by Rasmussen and Schumacher, etc. 
 
With the development of small satellites, formation flying has become a cornerstone for present and future 
ESA and NASA missions. Among its numerous applications are variable-baseline interferometry, large-
scale distributed sensors and sparse antenna arrays. It will also allow the replacement of expensive 
multiple-payload platforms with co-observatories consisting of several low cost spacecraft. 
 


4.2 Model 


The non-linear dynamic equation of motion of a spacecraft flying in formation, relative to the centre of 
mass of the formation (c.m.f), following a closed Keplerian reference orbit, is shown in (72), 


qmmmm UDQbωbρωωρωρ −+=+++++ )][(])[]([][2 2 &&&&&  (72) 


where the reference orbit defines an orbit reference frame (x,y,z) – (Figure 21), which serves as the 
primary frame to analyse the dynamic of the spacecraft formation. 
 
The unit vector x(o1) points anti-nadir, z(o3) points in the direction of the orbit normal, and y(o2) completes 
the right-handed triad. The inertial frame of reference (n1, n2, n3) – (Figure 21)-, is attached to the centre of 
the Earth. The unit vector n1 points toward the vernal equinox, n3 points toward the geographic North Pole, 
and n2 completes the right-handed triad. m is the mass of the spacecraft; Q = [Qx , Qy , Qz]


T are the actuator 
forces (thrusters); D = [Dx , Dy , Dz]


T are the disturbance forces acting on the satellite due to luni-solar 
attraction, solar radiation pressure, Earth’s oblatness, tidal effects, Earth’s geomagnetic field, etc.; 


⎟
⎠
⎞


⎜
⎝
⎛ −


∂
∂=


R


m


qq
μ


U  is the gradient of the Earth potential field; [ω]=[0  -ω0 0 ; ω0 0 0 ; 0 0 0]; 


TRR ]0,,[ 000 ω&=b , 2/1222
0 ])[( zyRxR +++= . 
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Fig. 21 Spacecraft general orbital geometry. 
 


The system outputs to be controlled are the distances 321  ;],,[ OzOyOxzyx T
rrrr


++== ρρ  of the 


spacecraft to the c.m.f (orbit reference frame). R0 is the mean orbit radius, 3
00 / Rμω =  is the mean orbit 


rate and μ = 3.9860 x 105 Km3/sec2 denotes the gravitational parameter of the Earth. Both parameters (R0 
and ω0) present some uncertainty due to the disturbances. Alternatively, the reference orbit can also be 
described by the orbital elements a (semi-major axis), e (eccentricity), i1 (inclination), Ω (longitude of the 
ascending node), ω (argument of perigee), and T (time of perigee passage) – Figure 21-. 
 
For circular orbits, the orbit radius R0 can present a slow time-variation due to uncertainty, which 


means 0and0 00 ≈≈ RR &&& . Applying these conditions in (72), the relative equations of motion of a 


spacecraft relative to the c.m.f in circular orbit are, 


)( 
1


32 2
00 xx DQ


m
xyx +=−− ωω &&&  (73) 


)( 
1


2 0 yy DQ
m


xy +=+ &&& ω  (74) 


)( 
12


0 zz DQ
m


zz +=+ ω&&  (75) 


which are the so-called Clohessy-Wiltshire-Hill (CWH) equations. 


ω 
c.m.f 
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Applying the Laplace Transform on these equations, the transfer function matrix P relating the actuator 
forces and the position of the spacecraft becomes, 
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which is a 2x2 MIMO system (axes x and y) plus a SISO system (axis z). 
 
Note that although the p22 element of the system is non-minimum phase [see (76)], the MIMO plant does 
not present RHP transmission zeros. Its Smith-McMillan decomposition (77) yields a double integrator 
and a conjugate pole at s = ±j ω0, but no transmission zeros. 


( ) ( )
⎥
⎥
⎥


⎦


⎤


⎢
⎢
⎢


⎣


⎡


+=−
10


0 
 


1
2


0
22 ωssMcMillanSmith P  (77) 


4.3 Parameter values 


Equation (76) is particularised for a spacecraft flying in formation in a circular geostationary Earth orbit. 
Since the sidereal day is 23 h. 56 min. 4 sec, then ω0 = 2 π / 86164 sec = 7.29212 x 10-5 rad/sec, which 
corresponds to an orbit radius R0 = 42164 km. This radius presents some uncertainty because of external 
disturbances, so the same goes for the mean orbit rate ω0. The mass of the satellite presents uncertainty as 
well –see Table VIII-. 
 


Table VIII. Uncertainty for parameter values of the spacecraft flying in formation 


 Nominal value Minimum value Maximum value 


ω0  (rad/sec) 7.29212 x 10-5 7.2637 x 10-5 7.3208 x 10-5 


R0  (km) 42164 42054 42274 


m  (kg) 1650 1600 1650 


4.4 Objectives and Specifications 


 
The main objective of the controller is to keep the satellite stable, rejecting disturbances while controlling 
the distance ρ between the spacecraft and the c.m.f., which corresponds to the nominal orbit trajectory. 
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Remember that the notation adopted for transfer function expressions denotes the steady state gain as a 
constant without parenthesis; simple poles and zeros as (ω), which corresponds to (s/ω + 1); poles and 
zeros at the origin as (0); conjugate poles and zeros as [ζ ; ωn], with ((s/ωn)


2 + (2 ζ/ωn) s + 1); n-
multiplicity of poles and zeros as an exponent ( )n. 


Matrix specifications on S(s) and T(s) 
 
Classical robust MIMO specifications are defined in terms of the H-infinity norm of the matrices S(s) and 
T(s) (sensitivity and complementary sensitivity matrix, respectively). For this particular problem the 
following margins are selected: 


||T(jω)||∞ < 2  and  ||S(jω)||∞ < 2 (78) 


Then, (78) is translated into QFT loop-by-loop specifications according to the new methodology and for 
the sufficient condition. In order to put it into effect, the desired matrix performance specifications and 
their elements τ = [τij] must be determined. The load is shared between the loops but also taking into 
account that (78) must be fulfilled through those specifications. 
 
For stability, the upper limits for inequalities are defined: 


( ) ( )( )
( ) ( ) ( )( )2 35.0 265.0 0.011


093.1 14.0 00672.0
2211 =′=′ bb  (79) 


The corresponding coupling attenuation elements in the stability case [see ¡Error! No se encuentra el 
origen de la referencia.] are given by: 


( ) ( ) ( )
( ) ( ) ( ) ( )2 35.0 265.0 011.0


093.1 14.0 00672.0  01 -6


2211 == cc ττ  (80) 


5
12 10−=cτ  (81) 


5
21 10 x 5.1 −−=cτ  (82) 


Using equations (79) and (80), the upper limits b11 and b22, respectively, can be straightforwardly obtained. 
 
For disturbance rejection at plant output: 
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( ) ( ) ( )( )


( ) ( ) ( ) ( )68.0 4.0 0047.0 10 x 4


08.2 10 x 810 x 25.7 0 00428.0


24


525


11
−


−−
=soτ  (83) 


( ) ( ) ( ) ( )
( ) ( )( )( ) ( ) ( )  45.0 011.0 0013.0 10 x 2 10 x 4 10 x 3


0015.0 0012.0 10 x 9 0 903.0
24424


252


12 −−−


−
=soτ  (84) 


( ) ( )( )( )( )
( )( )( )( )( )( ) ( )  5.0 026.0 10 x 16.2 10 x .42 10 x .32 10 x .112 10 x .22


12.0 10 x .96 10 x .281 10 x 7 0 37.582


244444


4452


21
−−−−−


−−−
=soτ  


(85) 


( ) ( )( )
( )( )( ) ( ) ( )84.0 358.0 01.0 10 x .62 10


31.2 10 x 8 0 10 x .3762
44


536


22
−−


−
=soτ  (86) 


These specification matrices yield the following singular value plot, where the maximum value within the 
frequency is 6 dB for both plots. 
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Fig. 22 Maximum singular value of the matrix specifications on T(s) and S(s) 
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Classical QFT robust stability and robust performance specifications 
 
Additionally, to show the possibilities of the new method, three classical loop-by-loop QFT specifications 
are also defined, so that, 


Robust stability (Type 1) 
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ex
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 (87) 


Disturbance rejection at plant output (Type 2) 
 
To be consistent with the matrix specification on the S(s) matrix of the 2x2 MIMO subsystem, an 
additional specification on s33(s) is considered. 


( ) ω∀≤
+


2
)(1


1


3333 spsg
 (88) 


Disturbance rejection at plant input (Type 3) 
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where, 


( )
( ) ( ) ( )6.0 06.0 008.0


0 20=dT  (90) 


The Bode magnitude plot of Td is shown in Figure 23, and corresponds to the step time response of Figure 
24. 
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4.5 Controller design 


Open-loop properties 
 
The RGA is computed as a function of frequency. The λ11 element presents a value of -3 in low frequency, 
which changes to approximately 1 near 7x10-5 rad/sec, maintaining this value within the high frequency 
range, see  24. According to the control properties of the RGA, this change of sign detects the presence of 
the RHP-zero in the p22 element, see (76). 
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Fig. 24 Bode Plot of the frequency dependent RGA  
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To decide which pairings must be chosen, it is taken into account the value of the RGA element around 
the expected cross-over frequency. In this case, this value is around 0.2 rad/sec, where the RGA adopts a 
value near 1. Thus, pairing is made along the diagonal elements. 


MIMO subsystem 
 
According to the desired specifications, the off-diagonal compensators design problem belongs to Case 1. 
Then, the methodology (see [8] for details) designs two controllers: Gα and Gβ. 


Controller Gα 


 
The controller Gα is designed according to the new method. The analytical expression used as a starting 
point is, 
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(91) 


However, (91) is modified to avoid cancellations in the RHP and the imaginary axis, as well as RHP 
transmission zeros introduced by the Gα compensator, but still decoupling the system and keeping the 
relative difference of the number of poles and zeros of the elements in (91). That is, its frequency response 
is approximated, the notion of all-pass filter elements is used, and some damping is introduced.  
 
The final Gα controller is shown in (92). The uncertain system is decoupled in low frequency, obtaining a 
positive value of λ11 = λ22 around 0.98. The same positive sign is kept for the high frequency RGA. So, the 
design of Gα clearly improves the results obtained for the original plant P – 
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(92) 


where α = 7.2827 × 10−5  rad/sec ;  ζ = 0.8 
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Controller Gβ 


 
The controller Gβ, loops 1 and 2, is designed according to the method introduced for the extended plant Px 
= P Gα. 


Loop 1: Design of g11
β 


 
The compensator g11


β, see (93), is calculated by using a sequential (loop-by-loop) standard QFT loop-
shaping methodology for the inverse of the equivalent extended plant [p11


x*e]1
−1 which satisfies the 


recursive relationship, with gij = 0, i ≠ j. 
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Fig. 25 Loop 1: Necessary and sufficient bounds for matrix specification on S(s)  


 
Figure 25 shows a detail of the bounds when they are translated into necessary and sufficient conditions on 
the Nichols Chart for the matrix specification on S(s). The designed loop transfer function L11(s) = 
[p11


x*e(s)]1
−1 g11


β(s) should be at every frequency above the solid lines or under the dashed lines. The gap 
between the necessary –red lines- and the sufficient –green lines- bounds is due to the uncertainty. 
 
The loop-shaping of the open-loop transfer function L11(s) is shown in 26, where the nominal case is 
represented in solid bold line along with the sufficient QFT bounds, which are fulfilled for all the 
frequencies. The design also fulfils the first two sufficient stability conditions (i) and (ii). In other words, 
L11(s) = [p11


x*e(s)]1
−1 g11


β(s) satisfies the Nyquist encirclement condition and no RHP pole-zero 
cancellations occur between g11


β(s) and [p11
x*e(s)]1


−1. 
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Fig. 26 Loop-shaping L11(s) = [p11
x*e]1


−1 g11
β  


 


Loop 2: Design of g22
β 


 
The compensator g22


β, see (95), is calculated by using a sequential (loop-by-loop) standard QFT loop-
shaping methodology for the inverse of the equivalent extended plant [p22


x*e(s)]2
−1, in (94). It satisfies the 


recursive relationship with gij = 0, i ≠ j], and takes into account the compensator element g11
β previously 


designed. 
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Fig. 27 Loop-shaping L22(s) = [p22
x*e]2


−1 g22
β  


 
The Nichols Chart in 27 represents the nominal open-loop transfer function L22(s) = [p22


x*e(s)]2
−1 g22


β(s) 
and the corresponding QFT bounds for this loop, which take into account the robust specifications and the 
uncertainty of the plant to be controlled, that is, [p22


x*e(s)]2
−1. Additionally, the design fulfils the stability 


conditions (i) and (ii). Thus, L22(s) = [p22
x*e(s)]2


−1 g22
β(s) satisfies the Nyquist encirclement condition and 


no RHP pole-zero cancellations occur between g22
β(s) and [p22


x*e(s)]2
−1. 


 
Once the whole controller Gβ is designed, the remaining sufficient stability conditions (iii) and (iv) are 
checked. As a result, the 2x2 subsystem is concluded to be stable. Finally, it is also checked that no 
additional RHP zeros have been introduced by the compensator. 


SISO subsystem (loop 3): Design of g33 


 
The compensator g33 (96) is calculated by using standard QFT loop-shaping for the plant p33. Figure 28 
shows the nominal loop transfer function with the designed controller and the bounds, which have been 
calculated from the loop-by-loop specifications [(87) to (90)] and the plant uncertainty. 
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Fig. 28 Loop-shaping L33(s) = p33 g33  
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Fig. 29 Step time response for the specification of disturbance rejection at plant input 


 


4.6 Results 


 
This Section shows some of the most representative results, illustrating how the methodology can 
simultaneously handle both loop-by-loop and matrix specifications. The control system is studied in both 
the frequency domain and the time domain. 
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Frequency domain analysis 
 
The control system is assessed in the frequency domain in two different ways. First, the QFT robust 
performance and stability specifications are checked throughout the design procedure, more precisely, at 
the end of each loop design. The specifications involved are not only the classical QFT robust 
specifications [(87) to (89)], but also those specifications translated from the matrix requirements [(79) to 
(86)]. 
 
And second, once the whole controller has been designed, the classical multivariable specifications on the 
sensitivity and the complementary sensitivity matrices, S(s) and T(s) respectively, are analysed. The 
designed MIMO controller simultaneously fulfils all the set of specifications required in the example, the 
loop-by-loop and the matrix specifications. 


QFT robust performance and stability specifications 
 
When completing the QFT design for each system loop, and with the aim of analysing the final results, a 
plot of the worst (over the uncertainty) closed-loop response magnitude versus the specification is 
generated at frequencies other than those used for computing the bounds. Note that it does not correspond 
to the frequency response of just one uncertain case. On the contrary, for each frequency depicted, the 
frequency response of the worst case within the uncertainty at that particular frequency point is plotted. 
 
The following figures (Figure 30 to 36) show the achievement of the requirements with the above 
controller design. As mentioned above, the solid-lines represent the worst case at every frequency within 
the plant uncertainty of the loops, i.e., Lii(s) = [pii


x*e(s)]−1 gii
β(s) (i = 1,2) for the MIMO subsystem (loops 1 


and 2), and L33(s) = p33(s) g33(s) for the SISO loop 3. The requirements are presented in dotted-line. 
 


In the case of the MIMO subsystem, it can be found both the classical QFT specifications (Figure 30 and 
33) and the loop-by-loop specifications obtained by translation of the classical MIMO specifications on 
S(s) and T(s) (78), which can be found in Figure 31, 32, 34 and 35. Both the sufficient –green dashed line- 
and necessary –red dashed line-conditions are plotted. 
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Fig. 30 Loop 1, classical QFT specifications: (a) Type 1 [equation (87)]; (b) Type 3 [equation (89)] 
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Fig. 31 Loop 1, sufficient and necessary specifications translated from the matrix specification for T(s): (a) 
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Fig. 32 Loop 1, sufficient and necessary specifications translated from the matrix specification for S(s): (a) 
Type 2A ; (b) Type 2B 
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Fig. 33 Loop 2, classical QFT specifications: (a) Type 1 [equation (87)]; (b) Type 3 [equation (89)]   
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Fig. 34 Loop 2, sufficient and necessary specifications translated from the matrix specification for T(s): (a) 
Type 1A; (b) Type 1B   


 
Note that the 1C specification corresponding to the second loop of a 2x2 MIMO system, becomes infinite 
(does not impose any restriction) when the off-diagonal controller is equal to zero, which is the case for 
the Gβ controller. This is the reason why no plot is shown for this specification. 
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Fig. 35 Loop 2, sufficient and necessary specifications translated from the matrix specification for S(s): (a) 
Type 2A; (b) Type 2B 


Loop 3 


10
-6


10
-5


10
-4


10
-3


10
-2


10
-1


10
0


10
1


-40


-35


-30


-25


-20


-15


-10


-5


0


5


Loop 3:  Classical QFT Specification Type 1


M
ag


ni
tu


de
 (


dB
)


Frequency (rad/sec)


10
-6


10
-5


10
-4


10
-3


10
-2


10
-1


10
0


10
1


-200


-180


-160


-140


-120


-100


-80


-60


-40


-20


0


Loop 3:  Classical QFT Specification Type 2


M
ag


ni
tu


de
 (


dB
)


Frequency (rad/sec)  
    (a)     (b) 
 


10
-6


10
-5


10
-4


10
-3


10
-2


10
-1


10
0


10
1


-100


-90


-80


-70


-60


-50


-40


-30


-20


Loop 3: Classical QFT Specification Type 3


M
ag


ni
tu


de
 (


dB
)


Frequency (rad/sec)  
(c) 


Fig. 36 Loop 3, classical QFT specifications: (a) Type 1 [equation (87)]; (b) Type 2 [equation (88)]; (c) Type 3 
[equation (89)] 
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Classical MIMO matrix specifications 
 
The results for the maximum H-infinity norms are: ||S(s)||∞ = 2.76 dB; ||T(s)||∞ = 0.81 dB, which 
satisfactory fulfil the required specifications. In the following figure, the S(s) and T(s) margins (solid line) 
are plotted versus the frequency for different cases within the uncertainty [Figure 37(a) and Figure 37(b), 
respectively]. It can be observed that the singular value of the matrix specification (dashed-line) is fulfilled 
for all the frequencies. 
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Fig. 37 Margin for: (a) S(s); (b) T(s) 
 


Time domain simulation performance analysis 
 
The designed control system is checked through time domain simulations for different cases within the 
uncertainty. The simulator takes into account step perturbations (worst case in rate) at plant input for the 
different loops (see Table IX). Additionally, the control signal along the three axes is limited not only in 
value but also in rate (see Table IX). 
 


Table IX. Details for simulation 


Perturbation at 
plant input 


loop 1 


Perturbation at 
plant input 


loop 2 


Perturbation at 
plant input  


loop 3 


Actuator 
rate limit 


Actuator 
saturation 


limit 
50 N step 


at t = 4000 sec 
50 N step 


at t = 8000 sec 
50 N 


at t = 6000 sec ± 75 N/sec ± 100 N 


 
In the following set of figures (Figure 38 to 40), the results for position measures are presented for each 
axis. The detailed figures show the effect of uncertainty on the time domain response. Nine representative 
cases delimiting the response for the rest of plant cases are shown. They correspond to the combination of 
the minimum, mean and maximum value of the mass m and the mean orbit rate ω0. 
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Fig. 38 Time domain results for position x: (a) General view; (b) Detail 
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Fig. 39 Time domain results for position y: (a) General view; (b) Detail 
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Fig. 40 Time domain results for position z: (a) General view; (b) Detail 
 
The control signals (actuator) corresponding to the above performance results are presented in Figure 41 to 
45 for the three axes. The values required stay well within the allowed range of actuation –Table IX-, 
avoiding any problem of saturation. 
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Fig. 41 Time domain results: Actuator X-axis 
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Fig. 42 Time domain results for Actuator X-axis: (a) Detail 1; (b) Detail 2 
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Fig. 43 Time domain results for Actuator Y-axis 
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Fig. 44 Time domain results for Actuator Y-axis: (a) Detail 1; (b) Detail 2 
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Fig. 45 Time domain results for Actuator Z-axis: (a) Detail 1; (b) Detail 2 
 


5.0 CONCLUSIONS 


Since the very first ideas suggested by Horowitz in 1959 until now, the Quantitative Feedback Theory 
(QFT) has been successfully applied to many control systems: linear and non-linear, stable and unstable, 
SISO and MIMO, minimum and non-minimum phase, with time-delay, with lumped and distributed 
parameters, multi-loop, etc [1]. The method searches for the controller that guarantees the achievement of 
the required performance specifications for every plant within the existing model uncertainty. QFT 
highlights the trade-off (quantification) among the simplicity of the controller structure, the minimization 
of the ‘cost of feedback’, the quantified model uncertainty and the achievement of the desired performance 
specifications at every frequency of interest. 
 
The first part of the paper summarized a methodology to design sequential non-diagonal QFT controllers 
for multi-input-multi-output MIMO systems with uncertainty. The second part demonstrated the feasibility 
of that methodology to control Spacecraft, in particular the position and attitude control of a 6x6 MIMO 
Darwin-type spacecraft with large flexible appendages. The third part of the paper introduced an example 
of spacecraft flying in formation, and proved how the reformulation of the new MIMO QFT methodology  
(see [8] for details) can handle within the QFT framework both classical QFT specifications and 
requirements issued from matrix specifications. The resulting design fulfils the requirements and is able to 
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deal with potential problems arising in the decoupling part of the procedure, such as RHP zeros, poles on 
the imaginary axis, required RHP transmission zeros in the compensator, uncertainty, etc. 
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Abstract 


The paper gives some background information about the history of space sensor development and application. The advances in various fields of technology are the basis for miniaturized sensors which allow small satellite missions with performances comparable or even better than those of former large satellite missions. The concentration on a single physical phenomenon allows optimizing the (small) satellite/payload system. The requirements for the very different application areas in terms of spatial, spectral and temporal resolution are provided, and the actual status of small satellites with associated payloads is shown. Two examples in the areas of forest fire detection and assessment and interactive surveillance give details of the design process.


1.0
INTRODUCTION


At the beginning of space borne Earth observation in the early 60th, it started with satellite meteorology, the measurements were focused on phenomena which could be observed in the visible and infrared bands of the electromagnetic spectrum. Due to the increased knowledge of the phenomena to be observed and the advancements in sensor technology, we can make now use of the full range of the electromagnetic spectrum (see fig.1).


Figure 1: The range of the electromagnetic spectrum


The first civil space-borne Earth surface imager was flown in 1972 on the ERTS (Earth Resources Technology Satellite) spacecraft, later renamed to Landsat-1. The MMS (Multispectral Scanner System) instrument provided a spatial resolution of 80 m and a swath width of 185 km. With Landsat-4 a more sophisticated multi-spectral imaging sensor was launched in 1982: TM (Thematic Mapper) with a spatial resolution of 30 m. There are numerous sensors of different types (mechanical scanners, push-broom scanners, matrix systems) from many countries, like for instance Brazil, China, Argentina, France, India, Thailand, South Africa, Korea, UK, Germany [1]. Due to the immense improvements in such divers fields of technology as optics, mechanics and materials, electronics, pattern recognition, signal processing, computer technology, communications and navigation, the space borne imaging systems reached now ground sample distances (GSD) less than one meter. Figure 2 shows the trend of resolution improvement (decrease of GSD) of sivil spaceborne mapping systems which took place since Landsat-1 in 1972 . The number of space-borne mapping systems indicates the need of high resolution maps using the best available technologies. The background information for these needs is given in [2]
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Figure 2: Some civil Earth surface Imagers to show the trend of ground resolution (GSD)


Beside the passive optical systems, there exist also active systems able to generate DTMs (Digital Terrain Models) based on the SAR (Synthetic Aperture RADAR) or RADAR Altimeter principles. 


The Atmosphere plays a significant roll in remote sensing and surveillance. For weather and climate issues the atmosphere is itself the subject of investigation (figure 3). For observing surface phenomena, the propagation of irradiation is influenced by dispersion and absorption, requiring a careful selection of spectral bands and the correction of the atmospheric influence.



Figure 3, showing the irradiance distribution in the reflected light only, gives an impression that radiometers working in specific spectral bands and spectrometers are powerful tools for many tasks of remote sensing.


Figure 3: Influence of the atmosphere


2.0  INSTRUMENT CLASSIFICATION


There are several approaches to sensor/instrument classification. For remote sensing tasks, the classification proposed by Elachi [3] is well suited to reflect the related needs (figure 4). It is based on the 3 main information types we deal with in remote sensing:


· Spatial information


· Spectral information


· Intensity information


It gives the relation between the basic instrument types and allows to combine the different types to make use of more than just one type of information.


Examples:


· A 2D spatial information is provided by an imager, e.g. a camera


· An imaging spectrometer provides the spectral information for each pixel, too.



[image: image2]

Figure 4: Sensor classification for remote sensing (after Elachi)


All types of information and all types of related sensors are used in remote sensing. The instruments are developed to perform in an active (for instance RADAR) or passive (cameras, spectrometer, …) manner.


3.0
RESOLUTION REQUIREMENTS FOR EARTH OBSERVATION AND SURVEILLANCE


When we discuss the performance parameters, we address in the first hand the resolution in terms of:


· Spatial resolution


· Spectral resolution


· Temporal resolution


For space borne sensors, further requirement may be considered concerning mass, volume and power consumption. These are essential features when it comes to the spacecraft design, especially when targeting to small satellites. Figures 5 and 6 show the very divers requirements connected with the different remote sensing application fields [4]. Figure 5 relates the spectral requirements to the GSD for different application fields. Figure 6 depicts temporal resolution versus GSD for different application fields.


The range of spatial resolution (GSD) covers centimetres to several hundred meters. The revisit time (temporal resolution) ranges from less than one hour to 10 years. The range of spectral resolution requirements starts with panchromatic only for topographic mapping and ends with hyperspectral resolution, for instance in the field of hydrology. 


Figure 5: Earth observation request: GSD versus spectral resolution
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Figure 6: Earth observation request: GSD vs revisit time


Figure 7: Spatial and Temporal Requirements for Coastal Studies (after Hoepffner)


Even within the different application fields, the related subtasks may cover huge areas again. Figure 7 shows the requirement range for different coastal applications. In fig. 7 the GSD ranges from meters to kilometres with revisit times from half an hour to several years [5].


It is obvious: a small satellite system for remote sensing needs to focus on one of the application fields and within that application field on a specific task or group of tasks where feasible. With this background, when talking about a small satellite we are basically talking about an instrument or a complex instrument system optimized for a specific task and accommodated on a small satellite platform.


4.0
RESOLUTION CAPABILITIES OF SMALL SATELLITE SYSTEMS


Seeing the huge diversity in the three different resolution areas spatial, spectral, and temporal (figure 8), we need to answer two questions (for optical remote sensing systems) for small satellites and their payloads:


· what are the limitations, and


· 
what are the strengths


Figure 8: Resolution aspects of optical payloads


Spatial resolution


The spatial resolution is increasing, i.e., the GSD is decreasing. For example: the camera PIC-2 on the small satellite EROS-B from Israel provides a GSD of 0.70 m [6]. EROS-B with a mass of 290 kg was already launched on 25.04.2006 with a Russian START-1 launcher into 500 km sun synchronous orbit (SSO).


Spectral resolution


Also the spectral resolution is increasing. As an example may serve the hyperspectral imager CHRIS on the ESA funded PROBA satellite [7]. CHRIS, the 14 kg/9 W hyperspectral imager, has a GSD of 18 m and provides up to 19 out of a total of 62 spectral bands in the VIS/NIR spectral range (400 – 1000 nm). PROBA with a mass below 100 kg (so it is a micro satellite) was launched into a 600 km SSO on 2.10.2001 together with the DLR/Germany micro satellite BIRD (see chapter 5.1) and the main payload TES (India) [9] with the PSLV-C3 launcher from India.


Temporal resolution


Small satellites provide a unique opportunity for affordable constellations. In this respect, small satellites can do things that are not practical with large satellites. DMC may serve as the example for a constellation of five small satellites. We will deal with this type of distributed space systems in the lecture part “Distributed satellite systems for Earth observation and surveillance”.



5.0
EXAMPLES


If we try to count the small satellites launched into space within the last 4 years, we achieve about the following results:


· SSTL


14


· USA


15


· RoW


60


· Universities

 6, without the PicoSats.


All these small satellites are equipped with payloads to answer questions coming from different user groups. It is impossible to cover all of them in such a paper. Therefore, we will concentrate on two microsatellites with their payloads and application aspects:


· 
A microsatellite addressing one sector of the disaster monitoring application area (chapter 5.1),


· 
A microsatellite with interactive surveillance payload (chapter 5.2).


This allows also to give some details of the system designs.


5.1
Hot spot detection and assessment


The application areas are complex which is indicated by the wide range of GSDs (Ground Sample Distance) and revisit times (see figures 5 and 6). Even within one application area, the different applications show again a wide variability in terms of the three resolution aspects (see figure 7). To look now at the disaster monitoring area, this may be split into many categories, like


· Cyclones and storms,


· 
El Nino,


· 
floods,


· 
fires, 


· 
volcanic activities,


· 
earthquakes,


· 
landslides,


· 
oil slicks,


· 
environmental pollution,


· 
industrial and power plant disaster.


The micro-satellite BIRD (Bi-spectral InfraRed Detection) with its specialised payload is used to describe a possible approach for detection and quantitative characterisation of high-temperature events like vegetation fires on the Earth surface [8]. BIRD was successfully piggyback launched by an Indian Polar Satellite Launch Vehicle (PSLV-C3) in a circular sun-synchronous orbit with an altitude of 572 km on 22 October 2001.


BIRD may serve also as an example to demonstrate a general procedure how to solve a remote sensing problem by means of small satellites following the three steps:


· What exactly are the user demands


· 
What are the actual sensors in orbit and what are their disadvantages


· 
What needs to be done, and can the instrumentation meet the small satellite expectations.


User demands


Both the global change scientific community and the fire fighting authorities demand new and dedicated space-borne fire observation sensors with resolution of 50-100 m for local/regional monitoring and of a few hundred metres for global observations that would be able to detect fires from a few to a few tens of square metres and to estimate quantitatively variables such as location, temperature, area, energy release, associated aerosol and gaseous emissions.


Performance of actual used space systems


The existing satellite sensors with 3-4 µm mid-infrared channels (AVHRR/NOAA, MODIS/TERRA, GOES) used so far to provide data on active fires on Earth have limited spatial resolution of 1 km or coarser and a low-temperature saturation of the MIR channels (with the exception of MODIS) leading in some cases to false alarms and preventing a quantitative characterisation of larger fires.


Fine spatial resolution multi-spectral sensors like TM or ETM on Landsat or ASTER/TERRA do not have a 3-4 µm channel, the principal channel for daytime fire recognition. Their 2.3 µm channels are less sensitive to smouldering fires and more affected by solar reflections.


What can be done


The saturation limitations can be avoided using solid state infrared detector arrays and real time digital signal processing to provide an adaptation of the sensor radiometric dynamic range. These are the key elements of new imaging infrared (IR) sensors on BIRD.


The BIRD small satellite mission is a technology demonstrator including new infrared push-broom sensors dedicated to recognition and quantitative characterisation of thermal anomalies on the Earth surface. BIRD’s primary mission objectives are:


· 
test of small satellite technologies, such as an attitude control system using new star sensors and new actuators, an on-board navigation system based on a new orbit predictor and others, test of the latest generation of infrared array sensors with an adaptive radiometric dynamic range,


· 
detection and scientific investigation of High Temperature Events (HTE) such as forest fires, volcanic activity, and coal seam fires.


Figure 9 shows the BIRD satellite. The BIRD main sensor payload consists of:


· 
a two-channel infrared Hot Spot Recognition Sensor system (HSRS),


· 
a Wide-Angle Optoelectronic Stereo Scanner (WAOSS-B).
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Figure 9: Micro-satellite BIRD,Mass of s/c: 94 kg, Mass of p/l: 30.2 kg



WAOSS-B is a modified version of a scanner that was originally developed for the Mars-96 mission. It is a three-line stereo scanner working in the push-broom mode. All three detector lines are located in the focal plane of a single wide angle lens. The forward- and backward-looking lines have a visible (VIS) and near-infrared (NIR) filters, respectively, while the nadir-looking line has a NIR filter. 


HSRS is a two-channel push-broom scanner with spectral bands in the mid-infrared (MIR) and thermal infrared (TIR) spectral ranges. The detectors are two Cadmium Mercury Telluride (CdHgTe) linear photodiode arrays. 


Their characteristics are given in table 1.



Table 1: Characteristics of the BIRD main sensor payload (orbit altitude = 572km)


		

		WAOSS-B

		MWIR

		TIR



		Wavelength

		600-670 nm
840-900 nm

		3.4-4.2 µm

		8.5-9.3 µm



		Focal length

		21.65 mm

		46.39 mm

		46.39 mm



		Field of view

		50°

		19°

		19°



		f-number

		2.8

		2.0

		2.0



		Detector

		CCD lines

		CdHgTe Arrays

		CdHgTe Arrays



		Detector cooling

		passive, 20°C

		Stirling, 80 K

		Stirling, 80 K



		Pixel size

		7 µm x 7 µm

		30 µm x 30 µm

		30 µm x 30 µm



		Pixel number

		2880

		2 x 512 staggered

		2 x 512 staggered



		Quantization

		11 bit

		14 bit

		14 bit



		Ground pixel size

		185 m

		370 m

		370 m



		GSD

		185 m

		185 m

		185 m



		Swath width

		533km

		190km

		190km





Spectral Range and False Alarm Rejection


The MIR spectral range at 4 µm is commonly recognised as the optimal spectral range for satellite fire detection (see figure 10), since the MIR is near to the spectral maximum of fire emission and the reflected solar radiation and background thermal emission are relatively low in the MIR. The implementation of a false alarm rejection procedure allows decreasing an order of magnitude the required MIR threshold and consequently the minimal detectable fire area. If a MIR channel and a TIR (at 10 µm) channel are simultaneously used, false alarms caused by warm surfaces can be recognised and rejected. On the other hand, highly reflecting surfaces (e.g. sun glint) can be distinguished from fires with a combination of VIS/NIR and MIR channels. 


In addition, a combination of the VIS, NIR and MIR channels allows for detection and mapping of fire scars. A combination of VIS, NIR, MIR, and TIR channels allows also detecting clouds and smokes and makes it possible to distinguish them from one another. 


From the above discussion it follows, that for detection and mapping of fires with optimal false alarm rejection, and fire scars recognition a combination of the VIS, NIR, MIR, and TIR spectral ranges is best suited.


[image: image5.emf] 




Figure 10: Signatures of vegetation fire and background 


The detector arrays are cooled to 100 K in the MIR and to 80 K in the TIR. The cooling is achieved by small Stirling cooling engines. The HSRS sensor data are read out continuously with a sampling interval that is exactly one half of the pixel dwell time. This time-controlled “double sampling” and the staggered line array structure provide the sampling step that is a factor of 2 smaller than the HRSR pixel size, coinciding with the sampling step of the WAOSS NIR nadir channel. Radiometric investigations of thermal anomalies require (a) a large dynamic range not to be saturated by HTE occupying the entire pixel and (b) a large signal to noise ratio to be able to observe small thermal anomalies at normal temperatures and detect small sub-pixel HTE. To fulfil these requirements, a second scene exposure is performed with a reduced integration time (within the same sampling interval!) if the real-time processing of the first exposure indicates that detector elements are saturated or close to saturation. As a result, the effective HSRS radiometric dynamic range is significantly expanded preserving a fine temperature resolution of 0.1-0.2 K at normal temperatures. 


BIRD can provide an order of magnitude smaller minimal detectable fire area than AVHRR and MODIS due to a higher resolution of its MIR and TIR channels. A possibility to observe fires and other HTE without sensor saturation makes it possible: (a) to improve false alarm rejection capability and (b) to estimate temperature, area and energy release even for large HTE. Figure 11 demonstrates the capabilities of MODIS and BIRD.




[image: image6]

Figure 11: Fire detection by MODIS and BIRD (Australia, January 5, 2002)


Figure 12 illustrates the BIRD potential for fire detection in the daytime and at night. The hotspot in the white circle in a daytime BIRD image in Fig. 2a was verified to correspond to a small fire with an area of 12 m² (~ 10-4 of the pixel area of the BIRD IR channels). Fig. 2b shows a small controlled wood fire with an area of only 4 m² (3 x 10-5 of the IR pixel area) arranged at night during a BIRD overflight [10].


[image: image7.emf]

Figure 12:
Verification of the BIRD hotspot detection: (a) fire with an area of 12m2 detected at daytime; (b) controlled fire with an area of 4 m2 detected in the night.[10]

5.2
Interactive surveillance payload systems


An interactive surveillance payload system is used in cases where the target is not clearly identified in advance, a search action is involved or a target has to be followed for a while. Such a payload system and the associated satellite platform have to be developed in very close collaboration. As outlined in chapter 4, the application specific payload needs to be supported appropriately by the satellite platform.


The microsatellite DLR-TUBSAT may serve as an example for such an application [11]. It was a joint project of the Institute of Aerospace at the Technical University of Berlin (TUB) and the German Aerospace Centre (DLR). The microsatellite was launched on 26 May 1999 with the Indian Polar Spacecraft Launch Vehicle (PSLV) together with KITSAT-3 and the primary payload IRS-P4. It was developed as a test satellite in order to test the necessary technologies (camera, position and attitude measurement systems, attitude control, software for interaction with the ground station,…). The intention of this development was also


· 
to provide a cheap platform that can be configured and launched for a ery specific mission within a short time (operational responsive space),


· 
to take advantage in their mobility of monitoring processes which change fast (within one day, for instance), for search actions or for following a target.


After some years of technology advancements, the idea of DLR-TUBSAT was also implemented in LAPAN-TUBSAT which was jointly built by TUB and the Indonesian Space Agency LAPAN [12]. It was launched on 10 January 2007 by an Indian PSLV and is still jointly operated from ground stations in Rumpin (Indonesia) and Berlin.


Microsatellites have a high mobility due to their compactness and small mass which is essential for observing the following category of events: 


· 
weather phenomena like hurricanes


· 
lightning or polar lights


· 
spectacular fires


· 
volcano eruptions


· 
floods


· 
earth quakes


· 
ship, plane or railway accidents 


or any other event which for instance a news agency would like to present with only short delay in the news. The area of interest is typically only a few square kilometres large and the spatial resolution should be as high as possible.


In those cases, interactive Earth observation means that the user in the ground station receives video images from the satellite and is able to steer the pointing direction of the camera platform via mouse control to the interesting event on the ground. As already mentioned, this is appreciated in applications where the target has not been identified clearly in advance, a search action is involved or a target has to be visually followed for a while.


System description


The satellite is a cube of 32 cm x 32 cm x 32 m and weighs 44.8 kg. DLR-TUBSAT is subdivided into the payload, a house-keeping and an attitude control modules. The last two modules are part of the TUBSAT-C bus.


The payload module contains two fore field cameras with low and medium resolution and a high resolution telescope with a focal length of 1 m, a pixel size of 8.3 µm and a GSD of 6 m. Each CCD-chip contains 752x582 pixels, and each camera can transmit video images in CCIR-standard and single digital pictures. The focal lengths of the fore field cameras are 16 mm and 50 mm, respectively.


The S-band antenna is physically located on the attitude control module in order to not obstruct the field of views of the payload sensors, and the S-band transmitter is located close to the antenna. Analogue video transmission is performed within a bandwidth of 8 MHz, the transmission of single pictures occurs at 125 kbaud. The beam width of the antenna is 70º.


The attitude control system consists of magnetorquers for the reduction of the angular momentum of the satellite, and the wheel/gyro-units.  The three wheel/gyro-units allow the three axis stabilization of the satellite. The wheel/gyro-unit was designed especially for microsatellites with strong requirements for low power consumption, low mass, small volume and simple electrical interface. The DLR-TUBSAT data to perform the interactive surveillance task are summarized in table 2.



Table 2: DRL-TUBSAT system data


Mass


44.81 kg


Volume

32 x 32 x 32 cm³


Communication
VHF/UHF-band, 1200 baud, 3.5 – 5 W



S-band, 125 kbaud BPL coded or video transmission, 3.5 W


Attitude control
3 wheel/gyro-units ACS 202 (TUB), magnet torquer


Payload

f =     16 mm, GSD = 375 m



f =     50 mm, GSD = 120 m



f = 1000 mm, GSD =     6 m


The microsatellite DLR-TUBSAT worked well as a test satellite for interactive Earth observation. The special control features resulted in many informative and impressive passes. This test satellite delivered also information how to improve the performance.
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A bstract


The recent trend of miniaturization accompanied with increased or even novel high performance features allows to implement distributed space systems with different basic characteristics. Distributed space systems with satellites carrying different payloads can for instance replace larger spacecraft providing also the potential of realizing performances and missions unachievable using the monolithic approach. After an introduction to the different concepts of distributed space systems like inspection and docking systems, formation flying, satellite constellations and spacecraft swarms, the paper concentrates on constellations and formations. Their widespread possibilities are presented by means of example missions.


1.0
Introduction


The trend to smaller satellites was and is supported by the improvements in diverse fields of technology as for instance optics, mechanics and materials, electronics, signal processing, communication and navigation. Mass, volume and power consumption of the spacecrafts and the instruments followed the trend to miniaturization allowing at the same time significant increases of performance. These trends can be observed for passive optical space borne systems as well as for active micro wave systems, e. g. SAR systems. They all benefit from the technology improvements.


The manifold application areas of space borne systems for Earth observation and surveillance cover very large ranges in terms of ground resolution, spectral resolution and time resolution. Some applications need to be implemented using distributed satellite systems like constellations or formations. Distributed satellite systems provide a number of advantages like:


· 
Increase of time resolution and daily coverage depending on the number of satellites within a constellation


· Substitution of complex satellite systems (or complementing them) using different (distributed) instruments on small satellite platforms making use of data fusion


· Easy replacement of a satellite within a constellation or formation due to the relative low costs of a single satellite


· Soft degradation of the system performance caused by the malfunction of one satellite


Thinking about distributed space systems, we may distinguish between different systems based on the distance between the satellites and the requirements concerning the control of their distance [1]. With this approach we get the following categories:


· 
Constellations


· 
Formations


· 
Swarms


· 
Inspection and docking systems


Figure 1 shows local systems with separations between the spacecrafts of a few meters, regional separations of typically a few ten meters to several hundreds of kilometres, and global systems with separations of more than thousand kilometres. Inspection and docking involves two objects in space in close vicinity. This is obvious for an inspector micro- or nano satellite orbiting for instance the International Space Station (ISS). Another example is ESA’s Automated Transfer Vehicle (ATV) docking the ISS. This poses very high demands on the control accuracy. At a given separation of for instance ten meters, the control accuracy should be at least a factor of ten better resulting in one meter. The control is based on sensors which again need to provide a tenfold better accuracy, i.e. 10 cm in this case.
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Figure 1 Requirements for distributed space systems, qualitatively


Formation flying of satellites is typically associated with a small number of spacecraft flying in a concerted way at regional intersatellite separations. The mission objectives determine the requirements on the control accuracy. A Science mission using interferometry may have high control demands. A formation of two satellites with different instruments can have relaxed control requirements. Chapter 3 provides examples for different applications.


To achieve global coverage on Earth with high time resolution requires a satellite constellation. Chapter 2 provides examples for different applications.


While docking, formation flying and constellations are well established implementations of distributed space systems, swarms of spacecraft consisting of several ten or thousands of satellites have not been deployed yet. Swarms of satellites can characterize for instance the local, regional or global Earth environment making in situ measurements of the atmosphere or the radiation conditions.


This paper concentrates on constellations and formations. The concept of formation flying of satellites is frequently confused with that of satellite constellations. In the following chapters we will distinguish between both concepts using the definitions of NASA GSFC:


· A constellation is composed of two or more spacecraft in similar orbits with no active control by either to maintain a relative position.


· 
Formation flying involves the use of an active control scheme to maintain a relative position.


For a better understanding, the terms relative position and active control scheme are to be understood as:


· 
Active control scheme: the scheme can be executed in orbit or on-board, but it can also be implemented on the ground. It can be executed in real-time but it can also be implemented post-time.


· 
Relative position: The measurement of relative position can be done directly or indirectly. Direct measurement is usually applied to precisely tight formation flight while the indirect one is often used in a coarsely loose formation flight.


In addition to the facts mentioned above, we can state the comparison between constellation and formation flights of satellites as follows:


· 
For constellations, the relative position and velocity between the spacecrafts are not controlled, except to orbital station keeping points predefined at mission designs. But for the formation flights, the relative position and velocity between the spacecrafts are controlled and possibly at certain parts also the relative attitudes.


· 
For constellations, there is no plane defined for the inter spacecraft positions other than the orbital planes. For the formations flight, a plane is defined for the inter spacecraft positions with an arbitrary orientation in space and with respect to a possible local orbital frame.


2.0
Constellations


2.1
Disaster Monitoring Constellation DMC-1


Small satellites provide a unique opportunity for affordable constellations. In this respect, small satellites can do things that are not practical with large satellites.
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Figure 2:
(a) One day coverage provided by four spcecraft at 600 km with 30° off-pointing capability compared with (b) single satellite capability [2]


DMC may serve as the example for a constellation of five small satellites (DMC 2008). DMC has a GSD of 32 m and a swath width of 600 km (Landsat: GSD = 30 m, Swath width = 185 km). It provides a daily coverage of the Earth (figure 2). The five satellites


· AlSat-1


· BILSAT-1


· NigeriaSat-1


· UK-DMC-1


· Beijing-1


from five countries have been launched with three COSMOS launchers into the same orbit. There are more constellations in sight, for instance DMC-2, a follow up of DMC-1 with improved performances based on new technologies, and RapidEye which was launched in August 2008 (see figure 3). The facts discussed in chapters 2.1 – 2.3 may lead to the conclusion: small satellites have the potential to change the economics of space and to increase the tempo of space exploitation.


Figure 3:
SSTL high resolution mission products [2]


2.2 RapidEye


RapidEye is a commercial multispectral Earth observation mission of RapidEye AG of Brandenburg, Germany, that includes a constellation of five minisatellites. The mission will provide high-resolution multispectral imagery along with an operational GIS (Geographic Information System) service on a commercial basis. The objectives are to provide a range of Earth-observation products and services to a global user community. The RapidEye sensor images five optical bands in the 400-850nm range and provides 6.5m pixel size at nadir. It provides products for the following applications:


· 
Agricultural producers (farmers): Crop monitoring and mapping, yield prediction;


· Agricultural insurance: Provision of regularly updated field maps to help insurers assess insurance contracts and claims by providing quick and reliable information about damaged areas;


· 
Cartography - satellite based maps (scale 1:25,000), ortho photos, DEM (Digital Elevation Model) generation 


· 
Other markets - disaster assessment, 3-D visualization 


· 
Service spectrum at completion mission: Guaranteed daily revisit, global coverage, product delivery to the customer within 24 hours, possibility of dedicated programming, capability of direct transmission and imagery transfer within hours, global digital database of "orthomaps" of 1:25,000 scale and DEMs of 20 m x 20 m resolution. The service permits also the merging of multi-temporal imagery with information from other sources.
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Figure 4:
The RapidEye constellation consists of five satellites


The five RapidEye earth observation satellites have been launched on a single Russian Dnepr rocket from the Baikonur Cosmodrome in Kazakhstan in August of 2008. They are deployed in orbits at an altitude of 630 km. The satellites are placed equally spaced in a single sun-synchronous orbit to ensure consistent imaging conditions and a short revisit time. The satellites follow each other in their orbital plane at about 19 minute intervals (figure 4). The constellation approach in a single orbital plane permits a cumulative swath to be built up (the spacecraft view adjacent regions of the ground, with image capture times separated by only a few minutes). A revisit time of one day can be obtained anywhere in the world (±70º latitude) with body pointing techniques. The average coverage repeat period over mid-attitude regions (e.g., Europe and North America) is 5.5 days at nadir. The RapidEye system can access any area on Earth within one day and cover the entire agricultural areas of North America and Europe within five days. The swath width is 80 km and the maximum scene length per orb it is 1500 km. 


Table 1 gives some more information of the RapidEye project (see also [3]).


Table 1:
RapidEye, some project data


		Number of satellites

		5



		Launch

		August 2008



		Launching site

		Baikonur, Kazakhstan



		Rocket type

		DNEPR-1



		Orbit

		sun-synchronous, 630 km



		Mission duration

		7 years



		Satellite mass

		150 kg



		Satellite size

		1 m x 1 m x 1 m



		Camera

		5 spectral bands (VIS and NIR)



		Geometric resolution

		6.5 m/Pixel



		Scene length/orbit

		1500 km



		Satellite command center

		RapidEye AG, Brandenburg



		Data receiving station

		Svalbard, Norway





2.3 SAR-Lupe


SAR-Lupe is a satellite constellation for synthetic aperture reconnaissance. It consists of up to five spacecraft in three different polar orbit planes, at an altitude of 500 km (figure 5). The spacecraft feature a mass of 770 kg and an average power of 250 W. For an increased integration time of the radar image and an enhanced resolution, the three-axis stabilised satellite performs a slewing manoeuvre during imaging. 


[image: image4.emf]

Figure 5:
SAR-Lupe Constellation


The SAR-Lupe satellite concept is characterised by the following features: 


· Large conventional parabolic SAR antenna, which is rigidly mounted to the satellite structure to achieve a simple mechanical design


· SAR antenna dual used for imaging and data transmission


· Attitude Control System, which performs high accuracy manoeuvres of the entire satellite for pointing during imaging 


· Integrated and modular design for satellite bus and SAR payload sensor


· Few and simple mechanisms yield reliability and cost efficiency


· All satellite control commands are produced in the ground station, which simplifies the OBDH architecture 


· Command data relaying through Inter-Satellite Link yields reduced system response time. 


The ACS features 3 operational modes and an accuracy of σ ≤ 0.05°. Its actuators comprise reaction wheels and magnetic coils; its sensor suite consists of a star tracker assembly with σ ≤ 0.01° accuracy, a magnetometer and sets of sun sensors and gyroscopes. The OCS compensates the altitude decrease due to the residual air drag and relies on a mono-propellant hydrazine system. Telemetry is done within the X-band, and tele-control and housekeeping data are exchanged via S-band radio waves. The power subsystem features


· 2.4 m2 solar panel of GaAs solar cells 


· 550 W @ EOL and perpendicular to radiation of light 


· 2 x 50 Ah battery capacity NiH2 batteries 


· 2900 W / 100 A peak power / current 


From this concept OHB’s standard medium-sized platform with agile and precise pointing capabilities is derived. [4]


[image: image5.emf]

Figure 6:
SAR-Lupe Satellite


3.0 FORMATIONS


The recent trend of miniaturization and insertion of novel high performance, including micro and nano, technologies is about to enable space missions which rely on co-operating satellites. Not only can a system of coordinated platforms replace a larger spacecraft, but it also has the capability of realizing performance and missions unachievable using a monolithic approach.


This chapter is intended to highlight current activities, plans, and visions for future Earth observation missions building on distributed systems which synergistically use payloads on board different satellites rather than multiplying payloads for coverage enhancement (constellations). Such an approach poses challenges from the points of view of system design (centralized or de-centralized approaches), bus design (performance, inter-link, autonomy, etc), payload design (synchronization, data processing, etc), and formation flying guidance, navigation, and control.


3.1
NASA’s A-Train


The A-Train satellite formation consists of six satellites flying in close proximity. These satellites will for the first time ever combine a full suite of instruments for observing clauds and aerosols from passive radiometers to active lidar and radar sounders. The first one, Aqua, was launched in 2002. The formation was finalized in 2008 after AURA, CloudSat, CALIPSO, PRABOL and OCO have been added. The satellites will cross the equator within a few minutes of one another at around 1:30 p.m. local time. By combining the different sets of observations by means of data fusion methods, scientists will be able to gain a better understanding of important parameters related to climate change.


The A-Train formation will allow for coordinated measurements.  Data from several different satellites can be used together to obtain comprehensive information about atmospheric components or processes. Combining the information from several sources gives a more complete answer to many questions than would be possible from any satellite taken by itself. [5]
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Figure 7:
A-Train with equator crossing times
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Figure 8:
A-Train: inter-satellite time distance (Image Credit NASA [6])


		Figure 7 depicts the satellites that make up the Afternoon Constellation (not to scale) – “The A-Train”. Listed under each satellite’s name is its equator crossing time. Note that though Aura crosses the equator eight minutes behind Aqua, in terms of local time, because it is along a different orbit track, it actually lags Aqua by fifteen minutes. Note also that CALIPSO trails CloudSat by only 15 seconds to allow for synergy between Aqua, CloudSat, and CALIPSO (see figure 8 showing the relative time distances between the satellites). 




		





The A-Train Satellites
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		Aqua is designed to acquire precise atmospheric and oceanic measurements to provide a greater understanding of their role in the Earth's climate and its variations. The satellite's instruments provide regional to global land cover, land cover change, and atmospheric constituents.
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		Aura's mission is designed to observe the atmosphere to answer the following three high-priority environmental questions: Is the Earth's ozone layer recovering? Is air quality getting worse? How is the Earth's climate changing? Aura's new objective over previous atmospheric research missions is also to probe the Earth's troposphere.
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		CloudSAT, a cooperative mission with Canada, will use advanced radar to "slice" through clouds to see their vertical structure, providing a completely new observational capability from space. CloudSAT will look at the structure, composition, and effects of clouds and will be one of the first satellites to study clouds on a global basis.
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		CALIPSO will provide key measurements of aerosol and cloud properties needed to improve climate predictions. CALIPSO will fly a 3-channel LIDAR with a suite of passive instruments in formation with Aqua to obtain coincident observations of radiative fluxes and atmospheric conditions. CloudSAT will also fly in formation with CALIPSO to provide a comprehensive characterization of the structure and composition of clouds and their effects on climate under all weather conditions.
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		PARASOL (Polarization and Anisotropy of Réflectances for Atmospheric Sciences coupled with Observations from a Lidar) is a microsatellite project.of CNES, France. Its main purpose is to improve the characterization of the clouds and aerosols microphysical and radiative properties, needed to understand and model the radiative impact of clouds and aerosols.
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		The OCO provides space-based observations of atmospheric carbon dioxide (CO2), the principal anthropogenic driver of climate change. This mission uses mature technologies to address NASA's carbon cycle measurement requirement. OCO generates the knowledge needed to improve projections of future atmospheric CO2.





The A-Train formation will help answer these important questions.


· What are the aerosol types and how do observations match global emission and transport models? 


· How do aerosols contribute to the Earth Radiation Budget (ERB)/climate forcing? 


· How does cloud layering affect the Earth Radiation Budget? 


· What is the vertical distribution of cloud water/ice in cloud systems? 


· What is the role of Polar Stratospheric Clouds in ozone loss and denitrification of the Arctic vortex? 


It will be tough to get these satellites to work harmoniously together, because of the great variety of instruments and resolutions. And the formation will need to be precisely aligned, which means a coordinated manoeuvring of the different satellites. [5]


3.2 TOPOLEV – a distributed RADAR mission of ESA


Mission Objectives


The Topographic Levelling Mission (TOPOLEV) is aimed at mapping surface topography and its temporal change to very high accuracy (1 m in elevation). There is high need of precise elevation data for a wide range of scientific and operational applications. The focus of the mission is on low and moderate relief terrain, including water surfaces. 


Number of Spacecraft


The proposed minimum constellation consists of two satellites in close formation flight, to obtain bistatic radar measurements. On the Master satellite an active SAR operates; on the Slave a SAR receiver. Optionally, more than one Slave can be added, as proposed for classical Cartwheel configurations. This increases the percentage of good baselines over an orbit, but would only be useful if the operation time of the Master SAR is increased, requiring increased resources for power, data storage and downlink. 


Mission Analysis and Orbit 


The mission applies single-pass across-track interferometry for accurate measurement of topographic elevation, in a bistatic InSAR configuration with two satellites in close formation (see figure 9). The SAR operates in stripmap mode, in Transmit and Receive mode (T/R) on the Master satellite, and in Receive-only mode on the Slave satellite. For meeting the requirements in elevation accuracy and horizontal spacing, phase stability is of key importance. In addition, comparatively high chirp bandwidth is needed. Because of the higher surface scattering contribution, VV is the preferred polarisation.


To achieve a height accuracy of  1.0 m, the distance between the two antennas needs to be known at 1‑2 mm accuracy (depending on the baseline length and attitude), if no ground control points are available. In addition, the absolute satellite positions need to be known at sub-metre accuracy. Two orbit phases (sun-synchronous, dawn/dusk orbits) are considered: 


· A Global Levelling phase (GL-Phase): 91 day repeat orbit (1394 tracks) enabling access to global land areas at seasonal intervals. This orbit corresponds to the ICESat orbit, thus enabling validation and improvement of the absolute height accuracy of the TOPOLEV DEM product over stable surfaces by means of ICESat data. This mode is also very interesting for mapping seasonal or annual changes of surface height, e.g. for glaciers, river plains, wetlands, inter-tidal zones, etc. 


· A Hydrology and geophysical Process studies phase (HP-Phase): 15 day repeat orbit to study specific geophysical and hydrological phenomena with higher temporal accuracy (these are mainly processes related to water and ice). This orbit provides only partial coverage of the global land surfaces. A sampling strategy needs to be developed to obtain relevant statistics for various climate zones and regions. 


[image: image14.emf]

Figure 9: TOPOLEV mission configuration 


Table 2: Proposed orbit specifications 


		Orbit Parameters

		Orbit Phase GL

		Orbit Phase HP



		Altitude

		600 km

		628 km



		Inclination (deg.)

		97.8 sun-synchronous

		97.9 sun-synchronous



		Repeat Cycle

		91 days

		15 days



		Coverage

		Global access

		Subset of land surfaces





[image: image15.emf]    


Figure 10: Sketch of TOPOLEV Cartwheel orbit configuration with two satellites


The proposed formation flight configuration is the “classical” interferometric Cartwheel, as shown in Figure 10 for a formation of two satellites. The orbits have small eccentricities deviating slightly from the circular reference orbit. The relative position of the satellites is determined by the movement on an elliptically shaped wheel along the reference orbit. The interferometric baselines vary over the orbit. With two satellites, as proposed as baseline configuration for TOPOLEV, the baseline can be optimized for latitude bands, but not over the whole orbit. This is easily compatible with the objectives and duty cycle of the mission.


General 


For high absolute geolocation accuracy of the InSAR product the absolute position of each satellite should be known to an accuracy of  1m. For interferometric retrieval of very precise topographic data, the relative position between the two satellites needs to be known to 1‑2 mm accuracy. Recent studies for GRACE indicate that inter-satellite distance can be measured at an accuracy of 1 mm using carrier-phase differential GPS (and in future also the Galileo system). Such an approach is used for TanDEM-X orbit and interferometric baseline determination. In addition, the relative phase between the two independent oscillators on the Master and Slave satellite needs to be known for the interferometric retrieval, for which an inter-satellite link may be required. [7]


3.3
SWARM


The ESA Swarm mission under the Living Planet Programme consists of three identical spacecraft orbiting in near polar orbits with altitudes varying between 400 km to 550 km (see figures 11 and 12). This constellation is to map the magnetic field of the Earth with unprecedented spatial and temporal accuracy. For this purpose, each spacecraft will be equipped with a vector field magnetometer and three star trackers co-mounted in an optical bench, which will ensure 100 % data coverage over the orbit with arcsecond accuracy. This accuracy of the magnetometry package is essential for fulfilling the mission objectives.
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Figure 11:
Swarm constellation of three satellites


The Swarm mission was selected as the 5th mission in ESA's Earth Explorer Programme in 2004. The mission will provide the best ever survey of the geomagnetic field and its temporal evolution that will lead to new insights into the Earth system by improving our understanding of the Earth's interior and its effect on Geospace, the vast region around the Earth where electrodynamic processes are influenced by the Earth's magnetic field. Scheduled for launch in 2010, the mission will comprise a constellation of three satellites, with two spacecraft flying side-by- side at lower altitude (450 km initial altitude), thereby measuring the East-West gradient of the magnetic field, and the third one flying at higher altitude (530 km). High-precision and high-resolution measurements of the strength, direction and variation of the magnetic field, complemented by precise navigation, accelerometer and electric field measurements, will provide the necessary observations that are required to separate and model the various sources of the geomagnetic field. This results in a unique "view" inside the Earth from space to study the composition and processes of its interior. It also allows analysing the Sun's influence within the Earth system. In addition practical applications in many different areas, such as space weather, radiation hazards, navigation and resource management, will benefit from the Swarm concept. [8]
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Figure 12:
Swarm satellite will be about 8 m long and have a weight of 300-400 kg 


The research objectives of Swarm mission are:


· Related to the Earth’s Interior:


· Map the core flow


· Determine core dynamics


· Investigate jerks: their time-space structure and recurrence


· Understand core-mantle coupling and its implication for Earth rotation


· Perform 3D imaging of mantle conductivity


· Determine remanent and induced magnetisation of the lithosphere


· Related to the Earth’s environment:


· Determine the position and development of the radiation belts and their near-Earth effects


· Investigate the time-space structure of the magnetospheric and ionospheric current systems on all time scales


· Monitor the solar wind energy input into the upper atmosphere and sense its effect on the thermospheric density


· Sound the electron density of the ionosphere/plasmasphere and relate it to magnetic activity


The scientific payload consists of the following instruments:


· Vector Field Magnetometer (VFM), which is co-mounted together with a stellar compass for determining the components of the magnetic field very accurately


· Absolute Scalar Magnetometer (ASM), which is used primarily for calibrating absolutely the vector field magnetometer.


· Electrical Field Instrument (EFI)


· Accelerometer (ACC)


3.4
GRACE


The GRACE mission (figure 13) was selected as the second mission under the NASA Earth System Science Pathfinder (ESSP) Program in May 1997. Launched in March of 2002, the GRACE mission will accurately mapped variations in the Earth's gravity field over its 5-year lifetime. The GRACE mission will have two identical spacecrafts flying about 220 km apart in a polar orbit 500 km above the Earth. [9]
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Figure 13:
GRACE – Orbiting twins [10]


Mission Synopsis 


The gravity field of the Earth is variable in both space and time, and is an integral constraint on the mean and time variable mass distribution in the Earth. The science data from GRACE mission are to estimate global models for the mean and time variable Earth gravity field approximately every 30 days for the 5 year lifetime of the mission. The science data from GRACE mission consists of the inter-satellite range change measurements, and the accelerometer, GPS and attitude measurements from each satellite (figure 14). 


The gravity variations that GRACE studied: changes due to surface and deep currents in the ocean; runoff and ground water storage on land masses; exchanges between ice sheets or glaciers and the oceans; and variations of mass within the Earth. Another goal of the mission is to create a better profile of the Earth's atmosphere. The results from GRACE will bring a huge contribution to the goals of NASA's Earth Science Enterprise, Earth Observation System (EOS) and global climate change studies.


GRACE is a joint partnership between the National Aeronautics and Space Administration (NASA) in the United States and Deutsche Forschungsanstalt für Luft und Raumfahrt (DLR) in Germany. 
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Figure 14:
The GRACE flight configuration [9]
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Figure 15:
GRACE – Mission concept
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This Lecture Series focused on bridging the gap between theory and applications in satellites formations for earth observation. The industrial, academic and military audience should be made aware of the application potential of this innovative approach and the enabling techniques. Thus in this Lecture Series essential techniques were addressed, such as: 

� mission planning and selection of orbits for groups of satellites,

� system design aspects of small satellites,

� advanced control strategies for formations of satellites (sensors, actuators, software), 

� earth observation and sensor data fusion methods,

� establishment and operations of networks of low cost ground stations.

System design challenges and application considerations for implementing satellite formations was also addressed:

� typical earth observation satellites,

� distributed sensor networks for earth observation,

� post-processing of observation data on ground.
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