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1 Introduction

Orbit determination of Resident Space Objects (RSOs) is a fundamental step to ensure effective

Space Situational Awareness (SSA). A particular scenario of interest concerns the transfer of a

satellite from a Low Earth Orbit (LEO) to a Geostationary Earth Orbit (GEO). In this scenario,

a satellite is not only subject to a number of known physical forces but also to a thrust, which,

for cooperative targets, is known a priori with a certain accuracy. In this project we have only

considered cooperative GEO Transfer Orbit (GTO) satellites as the time and resources planned

for this project would only allow for an initial study to be conducted. Nevertheless, in spite

of the limitations inherent in this scenario, important elements have been developed that will

provide the basis for building algorithms that would be applicable to non-cooperative GTO

satellite tracking. Such scenarios would include the case of tracking a third party/adversary

satellite during its GTO. In this project, we have considered satellites equipped with an elec-

tric propulsion thruster that maneuvers along a GTO. More specifically, a 100% efficency ion

propulsion thruster is considered, so that no propellent and no chemical thruster is needed. In

this conditions, the mass decrease due to the consumption of the propellent can be ignored.

Because of the low thrust (on the order of a fraction of Newton), the entire transfer from LEO

to GEO usually takes more time with respect to traditional thrusters. Therefore, a close moni-

toring is needed in order to maintain custody of the object. Several geographically distributed

sensors that are capable of detecting and tracking the orbiting object are needed to accom-

plish this task. The types of sensors that can be used to detect and track RSOs can be diverse

and each type may provide measurements that are affected by errors that vary from type to

type. For example, radar is typically used where the range is low (less than 1000 km) and

Electro-Optical (EO) may be used when the range is large (more than 20,000 km). Moreover,

some sensor performance may depend on external conditions, such as weather and lighting

conditions (e.g. optical sensors). Therefore, some sensors may be preferred to others as they

provide better and more reliable measurements. On the other hand, sensor’s time has a cost

and also this may vary from type to type and, typically, high-performing sensors have a higher
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cost. In this project, the complete problem set is considered and modelled. An optimal sensor

scheduling is also derived in order to provide the sufficient conditions to periodically track the

GTO from the initial to the final phase and at the same time minimise the cost of the entire

operation. Results will be shown according to a typical GTO and a discussion will follow in

terms of optimal tasking performance vs cost. This technical report concludes with an outlook

in terms of research that may be conducted in order to define and develop optimal algorithms

for tracking GTOs when thrusting manoeuvres are not known a priori (third party launches).
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2 Methods, assumptions and procedures

In this section, we will describe the proposed approach, the physical constraints, the technolog-

ical assumptions and the simulation procedure, in order to carry out a performance evaluation.

2.1 Proposed method

As previously discussed, this technical report deals with the problem of monitoring an object

moving in a GTO from LEO to GEO when equipped with a low-thrust system. Since the

complete transfer typically takes several months, a continuous tracking system must be set

in place. In an operative scenario, more than one sensor is needed to observe GTO objects.

Different types of sensors are considered, such as radar, TT&C and optical systems. Therefore,

different types of measurements and different observability conditions for each sensor must be

considered.

The processing scheme is depicted in Fig. 1

Figure 1: Processing diagram
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In the proposed approach, sensor scheduling can be performed before the mission actually

starts, taking into account all the constraints for each sensor. This scheduling will not be con-

sidered fixed but will change as the availability of each sensor changes and the GTO transitions

to GEO.

Once the sensors are assigned, an availability check for each sensor is constantly performed, in

order to update the scheduling as the conditions change and reschedule the sensors that will be

employed in the future. Each selected sensor measurement is then sent to a central processing

unit (Mission Control Unit). The collected measurements are first time-ordered and then a data

fusion algorithm is run to estimate the state vector.

2.1.1 Sensor scheduling

Several sensor scheduling algorithms can be found in the literature [1], [5], [2]. Most of

the proposed algorithm use the Fisher information as a cost function and selects a subset of

sensor with the goal of minimising the overall cost. The main problem of such an approach

regards the computational complexity. The estimation algorithm must be performed twice:

the first time considering a prediction of the measurements for each sensor to evaluate the

Fisher information and then a second time, after the scheduling, to actually perform the state

vector estimation using the collected measurements. This approach could be useful for short

missions, batch algorithms and for a low number of sensors, but in the case of a long mission

and for a large number of sensor the algorithm may be computationally expensive.

The proposed approach will consider a cost function defined with a priori information, such as

the model and the sensor accuracy, so that the estimation algorithm is performed only during

the mission.

The cost function is described by eq. 1

C(k) =
HC(k)[(∆Tk−1 + ∆Tk+1)σp + σm(k)] · SC(k)

D(k − 1, k)
(1)

2 METHODS, ASSUMPTIONS AND PROCEDURES 6 
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where σp is the propagation standard deviation, which accounts for the physical model ac-

curacy; σm is the measurement standard deviation, which accounts for the sensor measurement

accuracy ∆Tk−1 is the time between the last observation of the k − 1th sensor and the first ob-

servation of the kth sensor, ∆Tk+1 is the time between the last observation of the kth sensor

and the first observation of the k+ 1th sensor; SC(k) is a parameter that takes into account the

cost of the sensor usage, as defined in Tab. 1, and D(k − 1, k) takes into account the diversity

of the measurement between k − 1th sensor and kth sensor. Particularly, D(k − 1, k) = 1 if

the type of measurement of the k− 1th sensor is the same of kth sensor and D(k− 1, k) = 2 if

the type of measurement of k − 1th sensor is not the same of kth sensor; finally, HC(k) is the

hard check for the kth sensor, defined as:

HC(k) = Optical visibility · Sensor availability · good weater conditions (2)

where the three elements of the product in eq. 4 are binary flags. It should be noted that all

three flags must be set to ”1” in order for the sensor to be used.

Sensor Cost Value
Very low 1/4
Low 1/2
Medium 1
High 2
Very High 4

Table 1: Sensor cost definition

Once defined the single sensor cost, considering si ∈ S as the ith subset of sensors, where

S is the set of all sensor partitions, the overall sensor cost can be defined as:

C(si) =
∑

k−1,k,k+1∈si

∑
t∈Tobs

C(k, t) (3)

where C(k, t) is the cost of kth sensor evaluated at time t, at which correspond a state

vector of the satellite along the trajectory.

2 METHODS, ASSUMPTIONS AND PROCEDURES 7 
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The optimal subset of sensor can be evaluated minimizing the overall function as:

sopt =
arg min

si ∈ S
C(si) (4)

Once the cost function is evaluated for all the subsets of sensors, in case of change in

the availability constraint for one or more sensor a new evaluation of the cost function is not

required, but the sub-optimal set of sensor can be selected taking into account the change. For

example, if sensor s∗ is no more available, the new subset of sensors will be the set with the

minimum cost in which sensor s∗ is not present.

Let us consider an example in which there are three sensors available: s1, s2 and s3. All the

possible configurations of such sensors are listed in Tab. 2.

s1 s2 s3
1 1 1
1 1 0
1 0 1
1 0 0
0 1 1
0 1 0
0 0 1

Table 2: Example: Configurations list

Let us assume that the evaluated costs are listed in Tab. 3. The optimal configuration will

be the configuration made by s1 and s2.

s1 s2 s3 Cost
1 1 1 3.2726
1 1 0 0.1697
1 0 1 3.2702
1 0 0 2.7279
0 1 1 0.2858
0 1 0 0.3869
0 0 1 2.0866

Table 3: Example: Evaluated costs

Let us consider now the hypothesis in which s2 is no longer available. Since cost evalua-

2 METHODS, ASSUMPTIONS AND PROCEDURES 8 
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tion for all possible configurations has already been performed, it will be sufficient select the

configuration with the lowest cost in which s2 is not considered available. Tab. 4 lists such

configurations. In this case the minimum cost configuration consists in s3 sensor only.

s1 s2 s3 Cost
1 1 1 3.2726
1 1 0 0.1697
1 0 1 3.2702
1 0 0 2.7279
0 1 1 0.2858
0 1 0 0.3869
0 0 1 2.0866

Table 4: Example: Sub-optimal configuration

Once s2 is again available the optimal configuration will be re-assessed.

Look-up tables such as 3 can be used for any sensor number, as shown in Tab. 5, in order

to storage the cost evaluation and allow to adapt dynamically the sensor network in case of

changes in sensors state.

s1 s2 s3 ... sn Cost
1 1 1 ... 1 C1

1 1 0 ... 0 C2

1 0 1 ... 1 C3

... ... ... ... ... ...

Table 5: Configurations look-up table

2.1.2 Data fusion

In order to perform data fusion from such different types of sensors the Unscented Kalman

Filter, presented in detail in [4] [3], will be considered.

This type of non-linear filter, represented in Fig. 2, uses the Unscented Transform to es-

timate the propagated mean value xk+1 and the covariance matrix Ck+1 of the state vector

(usually assumed to be a normal random variable) by using the state vector xk and Covariance

matrix Ck+1 previously estimated and measurements yk+1.

2 METHODS, ASSUMPTIONS AND PROCEDURES 9 
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Figure 2: Unscented Kalman Filter processing scheme

Table 6: UKF algorithm summary
Prediction

Sk−1 = Cholesky(Ĉk−1)
Xi,k−1 = x̂k−1 ±

√
nxsi,k−1

where S = [s1, s2, ..., snx ]
w = 1

2nx

Xi,k ⇐ Ẋi = f(X̂i,k−1, t)

x̂k =
∑2nx

i=1 wiXi,k

Ck =
∑2nx

i=1 wi(Xi,k − x̂k)(Xi,k − x̂k)T

Update
Yi = h(Xi, t)

ŷ =
∑2nx

i=1 wiYi

Cyy =
∑2nx

i=1 wi(Yi − ŷ)(Yi − ŷ)T + R
Cxy =

∑2nx

i=1 wi(Xi − x̂)(Yi − ŷ)T

K = CxyC−1yy

X̂i,k = x̂ + K(y− ŷ)

Ĉk = Pk −KCyyKT

From the knowledge of the initial state vector and covariance matrix, the algorithm gen-

erate a set of 2n sigma points (where n is the number of elements in the state vector to be

2 METHODS, ASSUMPTIONS AND PROCEDURES 10 
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estimated). These sigma points are then propagated by using the physical model (xk+1 =

f(xk, tk+1)), the propagated sigma points are than used to estimate the mean value and the

covariance matrix of the propagated state vector. Propagated sigma points are also used to

estimate the measurements, by using a function which relate the state vector to the measure-

ments vector (yk+1 = g(xk+1)) according to the sensor.

Once obtained the measurement vector from the sensors, the difference between this vector

and the predicted measurement vector is evaluated to obtain the Kalman gain. Kalman gain is

finally used to update the propagated state vector and covariance matrix.

It can be observed that Unscented Kalman Filter processing has the same structure of linear

and extended Kalman Filters (LKF and EKF respectively). The main difference with the UKF

avoids the linearization process, which is necessary both in LKF and EKF. The error intro-

duced by the linearization process could be negligible in certain application, but in this case

also a small error could imply bigger error during time, due to a continuous propagation of

the state and consequently of the error. Since the Unscented Kalman Filter doesn’t require

the linearization of propagation and measurement functions this algorithm minimizes the error

propagation and maintains accuracy in the estimation.

UKF steps are described in Tab. 6.

2.2 Simulator

In order to perofm performance evaluation of the proposed algorithm a MATLAB simulator

has been developed. The simulator scheme is shown in Fig. 3.

The simulator is composed of three main blocks: Orbit generation, sensors manager and

filter processing.

Orbit generator blocks take as input the initial epoch and orbit parameters, the mission plan,

which specifies the burns scheduling for the transfer orbit, and the physical model. Once spec-

ified, all the parameters in this block generate the trajectory for the mission duration at the

specified time step.

2 METHODS, ASSUMPTIONS AND PROCEDURES 11 
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Figure 3: Developed simulator scheme

Once the orbit has been generated over the mission duration, the sensors management block

is used to generate the observation for all the sensors contained in a configuration. The *.json

file shown in Fig. 4, fig. 5 and Fig. 6 shows an example of the configuration file.

Figure 4: Sensors config file structure

The file content specifies the sensor type (TT&C or optical), its geodetic position, its

weekly availability, the accuracy, the elevation constraint and the cost, as defined in Tab. 1.

In this block, for each time step, the availability of the sensor and the Line of Sight between

the sensor and the satellite is verified. For optical sensors, the lighting conditions are verified,

2 METHODS, ASSUMPTIONS AND PROCEDURES 12 
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Figure 5: TT&C sensors config example

Figure 6: Optical sensors config example

2 METHODS, ASSUMPTIONS AND PROCEDURES 13 
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such that during day time the sensor is considered unavailable. For each sensor and for each set

of measurements a random error is then added according to the specified sensor measurement

accuracy.

Finally, the processing block designate the selected sensors optimizing the cost function de-

fined by eq. 1, collects the measurements obtained from each selected sensor and sort them.

Sorted measurements are then used by the UKF to estimate the state vector of the satellite.

Once completed the state vector estimation, performance evaluation is performed comparing

the mean position covariance between the estimated state using only the selected sensors and

the covariance obtained using all the sensors without the optimization.

2.3 Scenario

2.3.1 Satellite and generated orbit

The proposed scenario will consider a cubic satellite with an area to mass ratio of A
m

= 0.294m2

kg

equipped with four BHT8000 Ion thruster, with a total thrust of 499 mN. The mission starts

on 24th July 2019 at 10:16:28 UTC and ends on 21st November 2019 at 10:16:28 UTC, for a

complessive duration of 120 days. The initial and final orbit parameters are listed in Tab. 7.

Epoch UTC SMMA [km] ECC INC [deg] RAAN [deg] AOP [deg] TA [deg]
24-Jul-2019 10:16:28 24371.1685 0.7301 7 0 0 0
21-Nov-2019 10:16:28 43670 0.001 0.9264 349.957 9.15 357.43

Table 7: Initial and final orbit parameters

The first step of the mission modifies the inclination of the orbit. When the satellite ap-

proaches the apogee (±20deg) a burn occurs in the direction normal to the orbital plane. Once

the inclination reaches the final value the orbit eccentricity is modified in order to transform

the orbit from elliptical to quasi-circular; this is carried out with burns in a tangential direction.

Finally, the semimajor axis is raised to obtain a GEO orbit. The generated orbit is shown in

Fig. 7 and 8, in which each axis is scaled with respect to the Earth radius.

The orbit is obtained by using a Runge-Kutta propagator, with a step of 60 seconds and a

2 METHODS, ASSUMPTIONS AND PROCEDURES 14 
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Figure 7: Generated orbit

Figure 8: Generated orbit, side view

relative and absolute tolerance of 10−9. The physical model includes the gravitational model

(EGM2008 degree 20), the atmospheric drag model, the gravitational effect of sun and moon

and the Solar Radiation Pressure, with an overall accuracy of 10−9m/s2/s, which implies an

accumulated error of 3.7325 m/day.

2.3.2 Sensor network and availability constraints

To validate the proposed method two scenario are being considered. The proposed sensor net-

work for each scenario are listed in Tab. 8 and Tab. 9, in which an availability for each day of

2 METHODS, ASSUMPTIONS AND PROCEDURES 15 
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the week is specified and the cost refers to Tab. 1.

Sensor Latitude Longitude Type Availability
MTWTFSS Cost

Altair/Alcor 8.726659 167.735033 TT&C/Opt XXXXXXX 1
AN/FPS-85 30.572399 -86.214952 TT&C XXXXXXX 1
Ascension -7.973012 -14.400839 TT&C –X-X– 1
Cobra Dane 52.737295 174.091402 TT&C -X—X- 1
Diego Garcia -7.295956 72.388964 Opt XXXXXXX 1/2
Globus II 70.3671 31.1271 TT&C XXXXXXX 2
HAYSTACK 42.6233 -71.488198 TT&C X–X–X 1/2
Maui 20.7083 -156.2571 Opt -X–X-X 1/2
MOSS
(Moron Air Base) 37.182364 -5.604194 Opt XXXXXXX 1

Socorro 33.817202 -106.659938 Opt XXXXXXX 1

Table 8: Sensor network and parameters - Scenario 1

Sensor Latitude Longitude Type Availability
MTWTFSS Cost

Altair/Alcor 8.726659 167.735033 TT&C/Opt X–X–X 1
AN/FPS-85 30.572399 -86.214952 TT&C XXXXXXX 1
Ascension -7.973012 -14.400839 TT&C –X-X– 1
Cobra Dane 52.737295 174.091402 TT&C XXXXXXX 1
Diego Garcia -7.295956 72.388964 Opt XXXXXXX 1/2
Globus II 70.3671 31.1271 TT&C XXXXXXX 2
HAYSTACK 42.6233 -71.488198 TT&C X–X–X 1/2
Maui 20.7083 -156.2571 Opt -X–X-X 1/2
MOSS
(Moron Air Base) 37.182364 -5.604194 Opt XXXXXXX 1

Socorro 33.817202 -106.659938 Opt XXXXXXX 1

Table 9: Sensor network and parameters - Scenario 2

Each TT&C sensor will provide range, range-rate measurements and each optical sensor

will provide right ascension and declination measurements. Concerning range and range-rate

measurements, all TT&C sensors provide a resolution of 30 m and 1 m/s respectively, con-

cerning right ascension and declination each optical sensor will provide 5 ·10−6 rad resolution.

According to this resolution values, an additive error is applied to the ideal measurements.
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Additive error is modeled as a zero mean gaussian random variable having variance expressed

by eq. 5, where ∆res is the sensor’s resolution.

σmeas =
∆2

res

12
(5)

Optical sensor availability will also depends on the sun position, which makes them avail-

able only during night time.

Both TT&C and optical sensor availability is also subject to the satellite elevation relative to

the sensor local horizon. Particularly, the satellite is considered in Line of Sight (and the sensor

is available) if the elevation is greater than 20 degree. Measurement are acquired during all the

LOS period of the satellite. According to this setup, Fig. 9 and Fig. 10 shows the Hard Check

availability (yellow means that the considered sensor is available) for all the mission duration

for Scenario 1 and Scenario 2 respectively.

Figure 9: Sensors Availability - Scenario 1

2 METHODS, ASSUMPTIONS AND PROCEDURES 17 
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Figure 10: Sensors Availability - Scenario 2

2 METHODS, ASSUMPTIONS AND PROCEDURES 18 
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3 Results and Discussions

According to the scenario and the methods previously defined, simulations are carried out in

order to perform a performance analisys to validate the proposed approach.

The optimal sensor set, according to the proposed algorithm, previously described, are

Altair/Alcor, AN/FPS-85 and Diego Garcia for Scenario 1 and Cobra Dane, AN/FPS-85 and

Diego Garcia for Scenario 2, which represents, in both scenarios, the 30% of the sensors set.

The overall observation time of this sensor subset is shown in Fig. 11 and 12.

Figure 11: Selected sensors measurements timing - Scenario 1

It can be observed that in both scenarios the measurement time is almost the same except

for a time shift.

The algorithm was run for a duration of two days for each scenario, which is an acceptable

time for a pre-mission analisys and can be reduced by using faster machines. This operation

doesn’t need to be run again, because all the subset cost evaluations could be stored and used

as a lookup table in case of availability changes.

Once the selected sensor subset is obtained, the UKF is performed using simulated measure-

ments from each sensor, estimating position, velocity and acceleration of the satellite. It must
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Figure 12: Selected sensors measurements timing - Scenario 2

be observed that in case of cooperative satellite, as in this case, the acceleration and burn time

is apriori known by mission control with a certain accuracy (in this case the considered accel-

eration measurement accuracy is the 10%, 10 mN). Fig. 13 and fig. 14 show the 3σ value for

the estimated position considering all the sensors of the network and the selected only sensors

in Scenario 1. Fig. 15 and Fig. 16 show the 3σ value for both Scenario 1 and Scenario 2.

It can be observed that in steady state processing, the estimation accuracy is the same as in

the case in which all the sensors are used for both scenarios. The difference between the use

of a subset of sensors influences the time of the algorithm to reach the steady state condition.

Observing Fig. 16, this scenario reaches the steady state condition after a couple minutes later

than Scenario 1.

It can be also observed that only the 30% of the available sensors are used in both scenarios

which could represent a significant cost reduction. Furthermore, it should be noted that the

sensor Globus II, which has the highest cost, has not been selected, highlight the advantage of

using such optimization algorithm.

A further analysis has been carried out considering a case in which only one sensor is used to

perform orbit determination. The Altair/Alcor sensor has been considered in this case.
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Figure 13: Estimated position 3σ - Scenario 1

Figure 14: Estimated position 3σ detail - Scenario 1

Fig. 17 shows the 3σ value for all considered scenarios and for the case in which only

Altair/Alcor sensor is used. It can be observed that at steady state the performances are almost

the same, but to reach this condition it takes a week of measurements, compared to only a few
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Figure 15: Estimated position 3σ - Scenario 2

Figure 16: Estimated position 3σ detail - Scenario 2

minutes for the sensor combinations used in scenarios 1 and 2.
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Figure 17: Estimated position 3σ - Single sensor comparison

4 Conclusions

In this technical report a new approach for selecting sensors tasking a GTO Low Thrust satellite

has been analyzed. This method performs a selection of an optimal sensor subset from the

network by minimizing a newly introduced cost function that considers a priori information

such as the model accuracy, the sensor accuracy, sensor diversity and sensor cost. This method

has been validated by performing simulations in a cooperative satellite scenario with known

acceleration vector and availability of TT&C sensors.

Results have shown that in the case of a cooperating target, a small number of sensors is still

sufficient to maintain a good level of performances, compared to using all the available sensors

in the network. The only difference is the reduced convergence time, i.e. the time needed for

the algorithm to reach a steady state condition, as shown in Fig. 14.

Although this may be expected, the algorithm that has been developed establishes the basis

for more complex scenarios to be considered such as that of a non-cooperative satellite. This

is recommended as a direct follow-on activity which would also incorporate the estimation of

the low thrust acceleration into the UKF.
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5 Appendix

In this section the MATLAB main file and the cost function minimization code are included:

c l o s e a l l ;

c l e a r a l l ;

c l c ;

l o a d l i b r a r i e s ;

l o a d ( ’ O r b i t . mat ’ ) ;

s e n s o r s = j s o n d e c o d e ( f i l e r e a d ( ’ s e n s o r s . j son ’ ) ) ;

t t = f l o o r ( days ( O r b i t . t ime − O r b i t . t ime ( 1 ) ) ) ;

dd = mod ( t t , 7 ) + 1 ;

t i m e o n t m p = [ ] ;

%% Hard check e v a l u a t i o n

I I = 1 ;

f o r kk = 1 : l e n g t h ( s e n s o r s . TTeC )

t i m e o n = z e r o s ( s i z e ( t t ) ) ;

I n d e x A v a l = f i n d ( s e n s o r s . TTeC ( kk ) . A v a i l a b i l i t y == 1 ) ;

f o r j j = 1 : l e n g t h ( I n d e x A v a l )

t i m e o n ( f i n d ( dd== I n d e x A v a l ( j j ) ) ) = 1 ;

end
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t i m e o n t m p = [ t i m e o n t m p ; t i m e o n * I I ] ;

I I = I I +1 ;

s e n s o r s . TTeC ( kk ) . t i m e o n = t i m e o n ;

end

f o r kk = 1 : l e n g t h ( s e n s o r s . o p t i c a l )

t i m e o n = z e r o s ( s i z e ( t t ) ) ;

I n d e x A v a l = f i n d ( s e n s o r s . o p t i c a l ( kk ) . A v a i l a b i l i t y == 1 ) ;

f o r j j = 1 : l e n g t h ( I n d e x A v a l )

t i m e o n ( f i n d ( dd== I n d e x A v a l ( j j ) ) ) = 1 ;

end

t i m e o n t m p = [ t i m e o n t m p ; t i m e o n * I I ] ;

I I = I I +1 ;

s e n s o r s . o p t i c a l ( kk ) . t i m e o n = t i m e o n ;

end

f o r kk = 1 : l e n g t h ( O r b i t . t ime )

f o r r r = 1 : l e n g t h ( s e n s o r s . o p t i c a l )

[ Az , El ] = So la rAzEl ( O r b i t . t ime ( kk ) , . . .

s e n s o r s . o p t i c a l ( r r ) . L a t i t u d e , . . .

s e n s o r s . o p t i c a l ( r r ) . Long i tude , . . .

s e n s o r s . o p t i c a l ( r r ) . A l t i t u d e ) ;

i f El > −15

s e n s o r s . o p t i c a l ( r r ) . t i m e o n ( kk ) = 0 ;
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end

end

end

f o r kk = 1 : l e n g t h ( O r b i t . t ime )

[ p , v ] = e c i 2 e c e f ( O r b i t . S t a t e E C I ( kk , 1 : 3 ) . ’ , . . .

d a t e v e c ( O r b i t . t ime ( kk ) ) , . . .

EOP , O r b i t . S t a t e E C I ( kk , 4 : 6 ) . ’ , P a r a m e t r i ) ;

f o r r r = 1 : l e n g t h ( s e n s o r s . TTeC )

s e n s o r s . TTeC ( r r ) . o s s e r v a t o ( : , kk ) = . . .

TTeC MeasurementFunct ion ( p , . . .

l l a 2 e c e f ( [ s e n s o r s . TTeC ( r r ) . L a t i t u d e , . . .

s e n s o r s . TTeC ( r r ) . Long i tude , . . .

s e n s o r s . TTeC ( r r ) . A l t i t u d e ] ) , d a t e v e c ( O r b i t . t ime ( kk ) ) , . . .

P a r a m e t r i ) ;

end

f o r r r = 1 : l e n g t h ( s e n s o r s . o p t i c a l )

s e n s o r s . o p t i c a l ( r r ) . o s s e r v a t o ( : , kk ) = . . .

Angu la rMeasu remen tFunc t ion ( p , . . .

l l a 2 e c e f ( [ s e n s o r s . o p t i c a l ( r r ) . L a t i t u d e , . . .

s e n s o r s . o p t i c a l ( r r ) . Long i tude , . . .

s e n s o r s . o p t i c a l ( r r ) . A l t i t u d e ] ) , . . .

d a t e v e c ( O r b i t . t ime ( kk ) ) , P a r a m e t r i ) ;

end
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end

f o r r r = 1 : l e n g t h ( s e n s o r s . TTeC )

s e n s o r s . TTeC ( r r ) . o b s t i m e = . . .

do ub l e ( s e n s o r s . TTeC ( r r ) . o s s e r v a t o ( 3 , :)>20 & . . .

s e n s o r s . TTeC ( r r ) . t i m e o n ) ;

end

f o r r r = 1 : l e n g t h ( s e n s o r s . o p t i c a l )

s e n s o r s . o p t i c a l ( r r ) . o b s t i m e = . . .

do ub l e ( s e n s o r s . o p t i c a l ( r r ) . o s s e r v a t o ( 3 , :)>20 & . . .

s e n s o r s . o p t i c a l ( r r ) . t i m e o n ) ;

end

S o r t e d m e a s u r e m e n t s = s o r t i n g M e a s u r e m e n t s ( s e n s o r s ) ;

S e l e c t e d m e a s u r e m e n t s = . . .

C o s t F u n c t i o n O p t i m i z a t i o n ( S o r t e d m e a s u r e m e n t s , . . .

l e n g t h ( s e n s o r s . o p t i c a l ) + l e n g t h ( s e n s o r s . TTeC ) , 1e−12);

Index = f i n d ( O r b i t . t ime == S e l e c t e d m e a s u r e m e n t s ( 1 ) . Time ) ;

t p r e v = ( O r b i t . t ime ( Index , : ) ) ;

X prev = O r b i t . S t a t e E C I ( Index , : ) ;

f o r kk = 2 : l e n g t h ( S e l e c t e d m e a s u r e m e n t s )

t n e x t = d a t e v e c ( S e l e c t e d m e a s u r e m e n t s ( kk ) . Time ) ;

y n e x t = S e l e c t e d m e a s u r e m e n t s ( kk ) . d a t o ;
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i f ( s t r c mp ( S e l e c t e d m e a s u r e m e n t s ( kk ) . Type , ’ Opt ’ ) )

m ea su r em en t Fu nc t i o n = ’ O p t i c a l M e a s u r e m e n t F u n c t i o n ’ ;

e l s e

m ea su r em en t Fu nc t i o n = ’ TTeCMeasurementFunct ion ’ ;

end

s e n s o r e l l a = S e l e c t e d m e a s u r e m e n t s ( kk ) . P o s i t i o n l l a ;

Res = S e l e c t e d m e a s u r e m e n t s ( kk ) . R e s o l u t i o n ;

N = ( ( Res / s q r t ( 1 2 ) ) * eye ( 2 ) ) . ˆ 2 ;

[ X next , P n e x t ] = UKF step ( X prev , P prev , . . .

t p r e v , t n e x t , y n e x t , P a r a m e t r i , s e n s o r e l l a , N, Q, . . .

RSO, Sis tema , me a su re m en tF u nc t i o n ) ;

X prev = X next ;

P p r e v = P n e x t ;

t p r e v = t n e x t ;

X s t im ( kk ) . Dato = X next ;

X s t im ( kk ) . Cov = P n e x t ;

end

f u n c t i o n [ S e l e c t e d m e a s u r e m e n t s , MeanCost ] = . . .

C o s t F u n c t i o n O p t i m i z a t i o n ( S o r t e d m e a s u r e m e n t s , N s enso r s , s igma p )

S e l e c t e d m e a s u r e m e n t s = [ ] ;

S c e n a r i o s = [ ] ;

f o r kk = 0 : ( 2 ˆ l e n g t h ( s e n s o r s ))−1
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S c e n a r i o s = [ S c e n a r i o s ; ( d e c 2 b i n ( kk , 1 0 ) ) ] ;

end

C o s t F u n c t i o n M a t r i x = z e r o s ( l e n g t h ( S c e n a r i o s ) , . . .

l e n g t h ( S o r t e d m e a s u r e m e n t s ) ) ;

f o r kk = 2 : l e n g t h ( S o r t e d m e a s u r e m e n t s )−1

f o r j j = 1 : l e n g t h ( S c e n a r i o s )

f o r r r = 1 : N s e n s o r s

A v a i l = . . .

s t r2num ( S c e n a r i o s ( S o r t e d m e a s u r e m e n t s ( kk ) . SensorNumber )

S o r t e d m e a s u r e m e n t s ( kk ) . HardCheck = . . .

S o r t e d m e a s u r e m e n t s ( kk ) . t i m e o n * ) ;

i f S o r t e d m e a s u r e m e n t s ( kk−1) . Type == . . .

S o r t e d m e a s u r e m e n t s ( kk ) . Type

D = 1 ;

e l s e

D = 2 ;

end

C o s t F u n c t i o n M a t r i x = . . .

S o r t e d m e a s u r e m e n t s ( kk ) . HardCheck * . . .

S o r t e d m e a s u r e m e n t s ( kk +1) − . . .

S o r t e d m e a s u r e m e n t s ( kk−1) * s igma p * . . .

S o r t e d m e a s u r e m e n t s ( kk ) . s i g m a s e n s o r * . . .

S o r t e d m e a s u r e m e n t s ( kk ) . Cos t /D;

end
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end

end

MeanCost = mean ( C o s t F u n c t i o n M a t r i x , 2 ) ;

S e l e c t e d S c e n a r i o = S c e n a r i o s ( f i n d ( MeanCost == min ( MeanCost ) ) ) ;

f o r kk = 2 : l e n g t h ( S o r t e d m e a s u r e m e n t s )−1

f o r j j = 1 : l e n g t h ( S e l e c t e d S c e n a r i o )

i f S o r t e d m e a s u r e m e n t s ( kk ) . SensorNumber == j j

S e l e c t e d m e a s u r e m e n t s = . . .

[ S e l e c t e d m e a s u r e m e n t s S o r t e d m e a s u r e m e n t s ( kk ) ] ;

end

end

end

end
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