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Abstract

This paper is devoted to the implementation and application of an improved
version of the metaheuristic algorithm called magnetic charged system search.
Some modifications and novelties are introduced and tested. Firstly, the au-
thors’ attempt is to develop a self-adaptive and user-friendly algorithm which
can automatically set all the preliminary parameters (such as the numbers of
particles, the maximum iterations number) and the internal coefficients. In-
deed, some mathematical laws are proposed to set the parameters and many
coefficients can dynamically change during the optimization process based on
the verification of internal conditions. Secondly, some strategies are suggested
to enhance the performances of the proposed algorithm. A chaotic local search
is introduced to improve the global best particle of each iteration by exploit-
ing the features of ergodicity and randomness. Moreover, a novel technique
is proposed to handle bad-defined boundaries; in fact, the possibility to self-
enlarge the boundaries of the optimization variables is considered, allowing to
achieve the global optimum even if it is located on the boundaries or outside.

The algorithm is tested through some benchmark functions and engineering de-
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sign problems, showing good results, followed by an application regarding the
problem of time-suboptimal manoeuvres for satellite formation flying, where
the inverse dynamics technique, together with the B-splines, is employed. This
analysis proves the ability of the proposed algorithm to optimize control prob-
lems related to space engineering, obtaining better results with respect to more
common and used algorithms in literature.

Keywords: metaheuristic physics-inspired algorithm, constrained

optimization, trajectory planning, satellite formation flying

Nomenclature
CP = Charged Particle
CLS = Chaotic Local Search
N¢p = Number of CPs
D = Number of the variables to optimize (dimension of each CP)
W = Maximum order of magnitude of the problem
UB, LB = Upper and lower bound vector
r = Real uniformly-distributed random number within the range [0,1]
rin = Integer uniformly-distributed random number
Gy = Maximum number of iterations
X = Position vector
V = Velocity vector
F = Force vector
q = Charge associated to each CP
I = Electric current associated to each CP
r;; = Separation distance between CPs
€ = Small positive constant
6 = Tolerance
pi; = Probability of attraction/repulsion between CPs
pm;; = Probability of the ith wire (CP) magnetic influence on the jth CP
pr = Probability that an electrical force is a repelling force

w(.y, z(.y = Electric and magnetic coefficients equal to 0 or 1
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7 = Coefficient of the chaotic local search
CM = Charged Memory (contain the best CPs)
CMS = Charged Memory Size
Nep,or = Number of attracting/repelling CPs
ky/q = Coefficient of the velocity/acceleration term
kqr = Coefficient of attraction/repulsion
J = Performance index
S = Entropy of the system
Crnaz = Maximum number of allowed boundaries violations
¢(.y = Generic counter
a, b = Approximation coefficient vectors
B = B-spline approximation polynomial
# = Coordinate system associated to Earth-centered inertial reference frame
r. = Radius of chief orbit, km
1. = Inclination of chief orbit, rad
K = B-spline knot vector
# = Coordinate system of the local-vertical /local-horizontal reference frame
N;,; = B-spline basis functions
Np = Number of interpolation parameters
r = Inertial position, km
u = External acceleration, km/s?
x = State vector
p = Earth gravitational constant, km?/s?
y = Flat output
p, p, p = Relative position (km), velocity (km/s), acceleration (km/s?) vectors
w = Angular velocity, rad/s
Subscripts and superscripts
g = Index associated to the global best CP
k = Index associated to the k-th internal iteration
k; = Index associated to the last internal iteration

K = Index associated to the K-th external iteration
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E = Subscript referring to electric force/acceleration

B = Subscript referring to magnetic force/acceleration

N = Numerical approximation of functions or curves

(0, f) = Quantity referring to beginning/end of manoeuvre

(¢,d) = Quantity referring to chief/deputy satellite

1. Introduction

Optimization is a widely spread procedure which consists in finding the
optimal solution of a given problem among all the admissible ones. Nowadays,
this procedure is exploited in many fields, such as physics (Hartmann & Rieger}
2003)), economics (Mohajan et all [1953) and engineering (Kalyanmoy) [2004)).
Complex optimization problems are solved thanks to computing algorithms,
which are divided into deterministic and stochastic categories. Deterministic
algorithms follow a rigorous and repeatable procedure and for the same starting
point the final result does not change. On the other hand, stochastic algorithms,
which include metaheuristics, are characterized by random processes that cause
the path not to be always the same with the same initial conditions. Thus,
the final solutions could be different each time the algorithm is launched (Yang}
2010)), but it is expected that some of them are nearly optimal, even though there
is no guarantee for such optimality (Yang,2018)). In addition, the randomization
allows to move from local to global search; therefore, they are suitable for global
optimization.

In the recent years, metaheuristic algorithms have been more and more ex-
ploited for optimization problems because of their simplicity and advantages.
The computational costs have been compensated by the fast development of
the computing technology. Many metaheuristic algorithms have been proposed;
they can be subdivided into two main groups: bio-inspired and physics-inspired
algorithms. The first ones are related to animal biology and behaviour, whereas
the second ones are based on physics laws. Among the most employed algo-

rithms there are: Genetic Algorithm (GA) (Holland, 1975 |Goldberg (1989),
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inspired by the Darwin’s theory of evolution; Ant Colony Optimization (ACO)

(Dorigo et al., |1996)), inspired by the behaviour of ants; Particle Swarm Opti-
mization (PSO) (Clerc, |2010), based on the social behaviour of human kind and
on swarms of birds; Differential Evolution (DE) (Storn & Price, [1997)), based on

the concepts of mutation, recombination and selection applied to a population;
and many others (Bandaru & Deb, 2016)).

Among these, Charged System Search (CSS) (Kaveh & Talatahari, 2010b))
and its upgraded version Magnetic Charged System Search (MCSS) (Kaveh,
exploit respectively the electric and the electro-magnetic forces

and the uniformly accelerated motion laws to make the particles move through
the domain. Considering the good performances of MCSS, this algorithm has
been chosen to be further developed in this work. Until now, MCSS has mainly

been used for structural design optimization (Kaveh & Zolghadr| 2014; Kaveh|
2018), although there is also another work (Kumar et al, [2016) that

applies successfully the MCSS to a more common topic in artificial intelligence,

which is the clustering optimization (a very useful technique used for example in

machine learning and pattern recognition); in particular, in (Kaveh et al.| [2014]

2015)) an improved version of MCSS has already been proposed by the authors,

but the reported improvements are only related to the part of the algorithm
dealing with the harmony search, whereas the improvements proposed in the
present paper concern the whole structure of the algorithm. Indeed, this paper
deals with the development of an Improved version of the Magnetic Charged
System Search algorithm, called IMCSS, and its applications in space trajectory
planning, reagrading in particular satellite formation flying manoeuvres.

A problem associated to metaheuristic algorithms, including MCSS, is the
proper setting of some internal parameters as the number of maximum itera-
tions, the population size and the internal coefficients. These parameters may
change according to the different problems that need to be optimized, since they
can affect significantly the results of the optimization procedure. Thus, this
poses a limitation in the usage of this kind of algorithms, which are restricted

only to expert users in this field. Some works dealing with the self-adaptivity of
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metaheuristic algorithms, i.e., the ability to automatically tune the internal pa-
rameters, have been already developed. For example, many self-adaptive PSO
;have been proposed in literature and some of them have been analysed in

2017) to explore their effectiveness and convergence. A self-adaptive

version of the Gravitational Search Algorithm (GSA) (Rashedi et al., [2009),

with a modified chaotic local search, has been introduced in (Ji et all 2017).
Civicioglu et al. (Civicioglu et all |2018)) presented a weighted DE (WDE), in

which all the internal parameters are determined randomly, so it has no control
parameters but the pattern size. Moreover, many tuning approaches have been
investigated in order to find the optimal values of the internal parameters of
metaheuristic algorithms, such as F-Race (Birattari et al., 2002), Revac
men & Eiben| 2007), SPO (Bartz-Beielstein et al.| 2005), CRS-Tuning
019).

Considering what has been said so far, the main contributions of this paper

are as follows:

1. The new algorithm is able to automatically determine i) a suitable number
of particles the population is made up of, ii) the maximum iterations
number, and iii) the internal parameters which regulate all the phases of
the algorithm. Hence, the user can apply this optimization algorithm as
it was a "black box”, i.e., without knowing anything about it, just by
defining the search space (lower and upper bounds of the variables).

2. Some strategies are proposed to make the algorithm more efficient.

(a) A chaotic local search is introduced to improve the best particle of
the current iteration, by exploring its local neighborhood, and thus
helping the convergence.

(b) The algorithm is built in order to have external loops and internal
loops, where the first ones increase the ability of exploration and the
second ones exploit the fast convergence of the original algorithm.

(¢) A method to compute a sort of ”entropy” of the system is provided by

considering the objective functions of the whole population. Thanks
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to this information, the algorithm can understand if it is converging
to an optimal solution, meaning that most of the particles approach
the neighbourhood of the global best particle, or if the convergence is
difficult to reach. Therefore, if needed, the population size can be self-
increased (for the following external loops) to help the optimization
procedure be successful.

(d) The proposed algorithm also takes into account the possibility to have
a bad-defined search space. Indeed, the algorithm can autonomously
enlarge the boundaries proposed by the user and catch minima ex-

cluded by the original domain required for the initialization.

3. At the best of the author’s knowledge, this algorithm has never been
used before for space applications. Thus, this paper shows that IMCSS
performs well to optimize very challenging problems in space engineering.
In order to justify the optimality of the obtained results, a comparison

with previous papers is carried out.

The space application reported in this work consists of a reconfiguration
manoeuvre for satellite formation flying. Metaheuristic algorithms are used
for space engineering optimization; in particular, they have been used to face
the problem of guidance, i.e., how to plan spacecraft optimal trajectories. For

example, PSO has been used to optimize finite-thrust rendezvous trajectories

(Pontani & Conway), [2013) and to exploit attitude control to minimize the re-

configuration time for satellite formations (Spiller et all [2017)); a genetic algo-

rithm has been employed to obtain optimal rendezvous manouevres in (Kim &
2002)) and (Zhang et al. |2008); the evolutionary computation (EC)

has been used in (Wang & Zheng] [2012)) for satellite formation reconfiguration

purposes. In order to successfully face the optimal control problem, the in-
verse dynamics approach, already employed for trajectories optimization
|& Fahrool 2002} [Boyarko et all [2011; |Spiller et al., 2016alb)), is considered in

this research along with the differential flatness approach (Fliess et al. [1995}

2007)). As a consequence, state and control variables are expressed
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as a function of a minimum number of optimization parameters named flat
outputs. For example, for satellite formation manoeuvres the flat outputs can
be well-represented by the parameters describing the relative displacements be-
tween the satellites. The advantage of using this approach is that the dynamical
constraints are satisfied a priori and the flat output can be chosen to automati-
cally fulfil the boundary constraints. Moreover, the control policy is obtained in
an analytical closed form. In particular, B-spline curves are chosen to describe
the fat outputs because they provide very good results using a minimal number
of support functions (Boor} [1972)).

This paper is organized as follows. Sec. [ describes the features of the
proposed algorithm IMCSS. In Sec. [3) IMCSS is used to find the global minima
of some benchmark functions and well-known engineering optimization problems
in order to test the effectiveness and the convergence of the algorithm. The
performances of the proposed algorithm are also compared to other works in
literature. Sec. reports the application of IMCSS for the space guidance
problem concerning relative motion. The used reference frames and dynamical
model are provided along with the main characteristics of the inverse dynamics
technique and the B-spline curves. Sec. [5| deals with the numerical results of

the optimization and, finally, concluding remarks are given in Sec. [6}

2. Improved Magnetic Charged System Search algorithm

In this Section, the IMCSS is introduced. This algorithm is an improved
version of the metaheuristic magnetic charged system search (MCSS) algorithm,
presented in (Kaveh et al.|2013), where it was demonstrated that the algorithm
has a very good searching ability and convergence speed (especially when the
number of particles and iterations is not so high). Generally, MCSS can be
defined as a physics-inspired algorithm which exploits the electro-magnetic force
and the Newton mechanics laws to make the charged particles (CPs) move
through the search space.

It is noteworthy that all the parameters of the proposed algorithm, together
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with their associated mathematical laws, are not intended to be certainly suit-
able for every problem, but they have performed very well in all the analysis
carried out in this paper. Since different optimization problems are proposed
and solved (various benchmark functions with diverse features, different engin-
nering design problems and the space guidance application), there is a good

evidence that the parameters have been properly chosen.

2.1. Preliminary considerations

Before explaining in detail the algorithm, some preliminary considerations
are introduced. One can associate to each CP a vector of variables to be opti-
mized, called the position vector (X;), and a performance index (J;), also re-
ferred to as objective function. Throughout this paper the subscript ¢ (and also
J) is used to indicate the i(j)-th CP and therefore it varies in the range [1, Nop],
where Nep is the number of CPs. The length of the vector X; represents the
dimension of the problem, called D, whereas W indicates the maximum order
of magnitude of the problem. This value is computed as the order of magnitude
of the maximum value among the components of the difference vector between

the upper bound (UB) and the lower bound (LB) vectors, i.e.

W = ||log;p(max(UB — LB)) |, (1)

where | | indicates the nearest integer towards minus infinity and | | the absolute
value. The idea of IMCSS is to link the number of CPs and the maximum
iterations numbers to the only paramters defined by the (non-expert) user, i.e.,
UB and LB. By knowing W, it is possible to compute the number of CPs

associated to the problem

Nop =10 - {W + 14,[2, 3[log(D +1)]]} (2)

In Eq. , [ 1 and r;, represent respectively the nearest integer towards infinity
and a random integer number between the two in brackets. Obviously, a max-

imum number of CPs must be set in order not to have huge numbers of CPs
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which would make the computation too slow. Thus, the maximum number of
CPs (N¢p,maz) has to be imposed. Generally, it is a free choice parameter and
it can be decided by the user. In this algorithm, it is reasonably set equal to 50.

Metaheuristic algorithm can require many iterations to optimize very com-
plex problems. The proposed algorithm is divided into external and internal
loops. In the internal loop, IMCSS exploits the characteristic of the original
MCSS, i.e., the fast convergence even for a low number of iterations. On the
contrary, the external loops enhance the exploration ability of IMCSS, preserv-
ing at the same time the results of the previous iterations. For what concerns
with the maximum internal iterations number (G}), the following law is consid-

ered

G = 600 — 3N¢p (3)

Also in this case, a maximum number of internal iterations is implicitly set
for the same aforementioned reason. The choices behind Egs. and are
related to the fact that if the dimension increases, also the complexity of the
problem increases and thus a greater number of CPs could be required for the
success of the algorithm.

In addition, if the number of internal iterations was constant and the number
of CPs was too small, the search space could not be explored well enough, and
this is the reason why a decreasing law is chosen for G. If Neop is low, Gy, is
high to compensate the reduced number of particles with the possibility to have
more time (iterations) to explore the search space. On the contrary, if Nop is
high, the search space is better explored starting from the beginning of each
internal loop, because the particles are more widely distributed.

The external iterations number (G ) is defined as

Gk = max([12 — Gj,/1010810(G0)]7 3y, (4)

where the function 10°810(G%)] allows to extract the order of magnitude of Gj.

Moreover, if Gy increases, Gk decreases, which means that if many internal

10
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iterations have to be performed by the algorithm, it does not require many
other external loops. In order to improve the convergence at the end of the
algorthm, the number of iterations of the last internal cycle (Gyy) is increased,

i.e.

Grs = 5Gh. (5)

2.2. Core of IMCSS

Once the numbers of iterations and CPs have been determined, it is possi-
ble to start with the actual optimization procedure. At the beginning of each
external loop, each component of the position vector associated to each CP is
initialized randomly within the range [LB,,, U B,,], where the subscript m refers
to the mth component of the particle, with m € [1, D]. The initial velocity of
all the CPs (VY) is set equal to the null vector. Afterwards, the performance
index is assigned to each CP and the objective functions are sorted increasingly
along with the corresponding CPs. Before starting a new external loop, the
first re-initialized particle is substituted by the global best particle of the last
external loop. This substitution allows the algorithm to have a continuity in the
search of the optimized variables, although the algorithm is re-initialized G
times. The first best CPs are stored in the Charged Memory (CM), and they
are updated at each iteration. The number of the CPs stored in CM is defined
as CMS (throughout this paper CMS is set equal to Nop/5). Other information
that must be stored and updated accordingly during the whole algorithm are
the best and worst objective functions.

The charge ¢¥ of each CP at the step k is computed by taking into account
the current performance index of the CP (J;), the best (J;) and worst (Juyorst)

fitnesses among all the CPs so far, i.e.

JFE—J

k i worst

o 2t THOTS 6
K Jg - onrst ( )

The charges must be stored because they are subsequently used to obtain the

electric current. In this paper, the indices k and g are used to indicate re-

11
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spectively the current iteration and the best CP, i.e., the CP with the best
performance index. As it can be seen from Eq. @, the values of the charges
are normalized within the range [0, 1], where 0 is associated to the worst CP
and 1 to the best CP.

Supposing that CPs move in virtual straight wire of radius R,,, they create
magnetic fields in the space, which generate magnetic forces on the other CPs.
According to (Kaveh et al., 2013)), the average electric current (Io,4) can be

computed in two different ways,

k k—1

q9; — 4g;
(Tt = M)
or
. - dff — dfy.,
k k k—1 i min
(T = sn(Jf = JE71) - e ©
dff =[JF = I 9)

In Eq. , € defines a small positive value which is adopted to avoid singu-
larity. In Eq. , the function df represents the absolute value of the objective
function variation of the i-th CP in the k-th movement (iteration), the function

sign(+) is the sign function, and df*, . and df*

max min

are respectively the maxi-
mum and the minimum values of df. Hereafter, based on the findings of Ref.
(Kaveh et al.| [2013), Eq. is adopted. In order to obtain the electric and
magnetic forces acting on all CPs for each iteration, the separation distance
between all the CPs and the distance between the i-th wire and the j-th CP
must be computed. In this work, these two distances are supposed to be equal
and are indicated with r;;. The explicit expression of r;; is given by (Kaveh &

Talatahari, |2010b; [Kaveh et al.| [2013)

X=X
X+ X5) /2= X[ +e
As already stated, X;/; represents the position of the generic CP (i.e., the vector

(10)

of optimized variables) and € is a small positive constant to prevent singularity.

12
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Let us consider insulating solid spheres of radius R, with a uniform volume
charge density, each of which carrying a total charge ¢;. The electric force

acting on the j-th CP and produced by multiple CPs is

gi gi r;—r;
Frj = ket 3 (;{a”ﬁ“’l i “’2> Tre =il )
iitj \ @ i v

where

wr =1, wy =0 <= r; < R,

wr =0, wy=1 < ry; >R,
As well-known from physics laws, there are two contributions within the brakets
of the right-handed side of Eq. : the first one represents a linear relation
with the distance r;;, valid inside the sphere, and the second one is inversely
proportional to the square of the distance, valid outside the sphere. In anal-
ogy with the real electric force, the equation is adapted for the case of this

metaherustic algorithm in the folowing way

qi qi
Fpj=q¢; ) (ng,ﬂ‘jwl + §w2> piy - (X = X;) (12)
re.
ii#] @ v
where
wlzl, wo =0 <— T’z'j<Ra
w1:0, wy =1 < rijZRa
and

R
1 if Jj_Jf>7"OTJj>JZ'

Pij = T
0 otherwise
Here, p;; indicates the probability of attraction of the i-th CP by the j-th

CP and r represents a real uniformly-distributed random number within the

range [0,1]. The radius of the insulating sphere R, is set equal to 1 in this

13
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work, although other possibilities can be considered, such as the one proposed

in (Kaveh & Talatahari, 2010b)

R, =0.10 - max( X, maz — Ximin |1 =1,2,..., Nop), (13)

based on the size of the search space. For what concerns with the magnetic
force acting on the jth CP, it is a linear function of r;; inside the wire and it is
inversely proportional to the square of r;; outside, as it is known from physics.

Thus, the magnetic force is

I; I;
Fpj =g Z (Rgrijzl + w22> spmi; - (X — X) (14)
Qi) w )
where
21:1,22:0<:>Tij<Rw
2120722:1<:>7"ij2Rw
and

1 if Jj > J;
pm;; =
0 otherwise

In Eq. , R, is set equal to 1 and pm,; is the probability of the magnetic
influence (attracting or repelling) of the i-th wire on the j-th CP. This factor is
very important because only a good CP can influence a bad CP. Instead, this
does not happen for the electric force, where good and bad CPs can influence
each other. In addition, in order to emphasize the best CPs and give them
much more importance in the algorithm, the number of “active” CPs (the CPs
which actually attract/repel) is not assumed to be equal to Nop, but only to a
fraction of the whole population. This fraction can be a free parameter decided
by the user and it can affect significantly the optimization procedure; thus, it
must be set carefully. A reasonable choice for the active CPs, found during this
work, is Nop /10, which is the value used throughout this paper. The total force
acting on the j-th CP is then

14
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Fj = erE,j + FB’J' (15)

b — 1 i r>ke - (1—k/Gi) 16)

—1 otherwise
where p, is the probability that an electrical force is a repelling force. The
expression kg, - (1 —k/Gy) decreases with the iterations: this means that the re-
pelling forces ensure the exploration at the beginning of the algorithm, whereas,
at the end, the electric forces become more and more attractive, so that the ex-

ploitation is increased. The value of k,, is defined as follows

kar = min(G,/1000 4 10/Nep ; 0.5) (17)

The reason behind the form of Eq. is due to the fact that when G, is high,
there is more ”time” (iterations) to explore the search space, thus it is possible
to have a great repulsion (high value of k). On the contrary, when Gy, is not
so high, the exploration phase is reduced in favor of a faster exploitation, in
order to ensure the convergence. For what concerns with the parameter Ngp,
if its value is high, the exploration is already ensured at the beginning by the
wide diffusion of the CPs in the search space; thus, the exploitation is more
encouraged (this is the reason why an inverse proportionality is chosen). The
maximum admitted value for k., is equal to the probability of 50% between
attraction and repulsion.

Once the forces are computed, the motion of the CPs has to be considered.
Even in this case, the equations of motion are inspired by the physics laws, in

particular by the uniformly accelerated motion laws.

F.
Kk K ¥
X b T AR VE AR (9
XA _ Xk
vt i 19
: N (19)

15
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In Egs. and , rj1 and rjp are two random numbers that are uniformly
distributed in the range [0,1] and they replace the real physics coefficients deter-
mined by the double integration of the acceleration (in particular, rj; replaces
1/2 and ;9 replaces 1). In addition, the time interval At is set equal to the unity
and the mass of each CP (m;) is indeed substituted by its charge (g;). This last
choice makes the simplification of a fraction (F;/¢;) occur and allows to take
into account also the electric and magnetic accelerations (Egs. ,) acting
on the worst CP (for which ¢; = 0); otherwise, a null force would be applied on
it. The remaining coefficients are respectively the coefficient of the acceleration

(ko) and the coefficient of the velocity (k,). Their expressions are given by

ko, = ka’o + (kia’f — k‘a)o) . kJ/G}c (20)
k, = kv,f + (k’v’o — kv,f) . k/Gk (21)
As it can be seen from Egs. and , considering kg /.t > ka/v,0, Ka

is a linearly increasing function, while k, is linearly decreasing. The initial and

final values of k, and ks are chosen to be

kog =147 (Nip + 1oﬂog:<Gm>
kyo=0.8
ka0 = [kvs1 = ko s
ka,f =2-kap
Eq. shows that the new position of each CPs is determined by three main

(22)

contributions: the old position and the terms related to both the velocity and
the acceleration. The term related to the velocity can be seen as the inertia
term which appears in the velocity equation of the PSO (Clerc, |2010)); thus &,
plays here the role that w plays in the PSO. It’s important that the inertia
(velocity) term is more relevant at the beginning of the algorithm to ensure the
exploration, but then it should be decreased in favor of the exploitation. On
the other hand, the acceleration term should be more relevant at the end of the

iterations to improve the exploitation in the neighborhood of the best CP: this

16
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idea can also be seen clearly from Egs. and , where the probability
of attraction increases with the iteration number. These are the reasons why
the terms k, and k, are chosen to be respectively increasing and decreasing
with time. The inverse and direct proportionalities, with respect to Nop and
G, appearing in the first equation of have basically the same explanation
already provided for Eq. (17).

2.3. Chaotic local search

To enhance the performance of the IMCSS, a chaotic local search (CLS)
is introduced. Chaotic search strategy is inspired by the chaos phenomenon
in nature, which is a classic nonlinear dynamical system with the properties
of ergodicity, randomness, and sensitivity to its initial conditions (Jia et al.|
2011)). Thanks to these features, a chaotic system can randomly generate a long-
time sequence which is able to traverse through every state of the system without
repetitions in certain ranges (Guo et al.,|2015)). In order to achieve a better bal-
ance between exploration and exploitation abilities of the IMCSS and improve
the convergence of the whole algorithm, more heuristic information is integrated,
such as the search direction provided by the best particles in the current popula-
tion. Based on these considerations, a merge between the superior information
of the current population and the chaotic search process is performed.

The chaotic local search employed for the proposed algorithm is inspired
by the work of Ji et al. (Ji et al., [2017). Thus, the main features of their
chaotic local search are employed, but with some differences. The chaotic local
search is exploited in order to improve the best CP within the current iteration
by searching in its neighborhood. This strategy could help to reach faster the
global best. Therefore, the following criterion is applied

Xo1 =Xy +(Z-05)- (Xe,, —Xéng,,) <= 11 <12 (23)

In Eq. , X’;l is a new possible global best, XgM , are two random CPs
Ti1/2
chosen among the Charged Memory, and r;,; are two real random numbers.

The condition r? < ro makes the local search occur with enough probability,

17
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since 77/, varies within the range [0,1] and therefore r? is generally smaller

than ro. The chaotic local search is not performed every iteration in order
to achieve a good compromise between the effectiveness of the search and the
required computational effort; in fact, since the success of the local search is
not guaranteed, it is more reasonable to make it happen randomly to save
compuational time. Z is also a real number which is initialized randomly in the
range [0, 1] and it is updated with the following rule describing a chaotic logistic

map (Jia et al., 2011)

Zir =4Z, - (1 — Zy). (24)

The value of Z is updated only if the chaotic local search succeds in finding a
new global best, i.e., Jg'l < Jg (for a minimzation problem). In this case, the

index t is increased by 1 and the new best CP (Xl;l) replaces the old one (Xg).

2.4. Boundaries constraints handling

Boundaries violations can be managed in very different ways. For example,
the variables exceeding the boundaries could be directly re-initialized or sub-
stituted by the lower or upper bound values. More complex strategies could
be adopted, such as the harmony search-based algorithm (Kaveh & Talatahari,
2010b; [Kaveh et all [2013; [Lee & Geem), |2004; Kaveh & Talatahari, [2009). In
this case, when a variable exceeds the lower/upper bound defined by the user, it
is either re-initialized or substituted by the corresponding value belonging to a
CP chosen among the CM (or among its neighborhood). This strategy is ruled
by two parameters: the CMCR, which is the Charged Memory Considering
Rate, and the PAR, that is the Pitching Adjusting Rate. However, two further
values should be decided. In order to make the algorithm automatically choose

the best way to handle these violations, the following strategy is exploited,

Xim = Xoum,..m if 72 <7y,
‘ (25)
Xim = LBy, + 7+ (UBy,, — LB,;,) otherwise.
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The index m is used to indicate the dimension associated to the outbound
variable, while r, r; and ry are three real random numbers. Everytime a variable
violates its corresponding boundary, a counter is updated (czp,m in the case of
a lower bound violation and ¢y g, for an upper bound violation). At the end of
an internal loop (i.e. before starting the successive external loop), these counters
are used to make the algorithm understand if the boundaries could have been
bad-defined by the user. If these counters exceed a maximum value C,,4:, the
corresponding boundary is enlarged, as shown in Eq. .

UBp =UBp, - 10+ ¢ cUBm > Cmaz A UBp, >0

=
LB, =LB,,/10—€¢ <= crBm > Cmaz N LBp >0
=

(26)
UB,, = UB,,/10 cuB,m > Cmaz N UBp, <0
LB,, =LB,, 10 > cB,m > Cmaz N LBy, <0
Note that the value of C,,,, is adaptive with respect to Nop with the law
Crnax =0.1-k;- Ncp, (27)

where ky represents the index of the last internal iteration. This value could
be different from Gj (ky < G}) because two exit strategies are considered, i.e.,
when the maximum iterations number (Gy) is reached or when a pre-defined
tolerance is satisfied (refer to Sec. In Eq. , € represents a small positive
constant. This tool is very useful and could help the algorithm to find a global
minimum when it is located on the boundaries or when it is not inside the search
space (in these cases the CPs tend to move much more towards the boundaries
and this could be an indication of a bad-defined boundary). Certainly, if the
objective function has local minima inside the search space, it could be more

difficult for the IMCSS to realize that the boundaries have been badly defined.

2.5. Entropy of the system

In order to have an idea of how the optimization is being performed by the

IMCSS, a parameter, called here “entropy” (), can be computed. The entropy
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is defined as

S = median(J") (28)

Eq. associates the entropy of the population to the median element of the
objective functions vector. Obviously, if S decreases, it means that the CPs
are closer to the best CP; thus, the algorithm is going to converge. Entropy
of CPs can convey the idea of the distribution of the CPs with respect to the
best one. It is important to note that, in order to state that the algorithm is
performing well, the entropy needs to be decreasing. This is in contrast with
the concept of entropy in Physics, which is always a non-decreasing function for
natural transformations.

At each iteration, if S is non-decreasing (i.e., the disorder of CPs in not de-
creasing) a counter (cg) is updated. At the end of an internal loop, the Nop is

increased if cg overcomes a defined maximum value,

NEF =min[NEp + rin[W; 3[log(D + 1)]]; [1.INcPmaz]] if cs/ks > 0.5.

(29)
In Eq. , r; represents a random integer number between the two in brackets.
The proposed entropy-based strategy represents an opportunity to improve the
results when the behaviour of the algorithm is not completely satisfactory ac-
cording to the criterion of Eq. . Indeed, even though it does not guarantee
to find the optimal solution of a generic problem, a greater number of CPs can
improve the convergence of the next loops of the algorithm with respect to the

previous ones.

2.6. End of the algorithm

As already mentioned, the internal loop ends when the maximum iterations
number is reached or when a pre-defined tolerance (Jyser) is achieved. The
same occurs with the external loop. The tolerances can be defined in many

different way by taking into account the objective functions of the CPs, such
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Algorithm 1 IMCSS algorithm

1: Preliminary parameters initialization: Ncp, Gk, Gi. ¢, Gk, kv,05 kv, fs ka,05 Ka,fs Kar, Z

(Bas. @-@), @, @3 );

while (K < Gg A dx > user ) do

2:
3 CPs position and velocities initialization. Objective functions computation;

4 If K > 1: Substitute the first CP with the best CP of the previous internal loop;

5: Initialize the Charged Memory (CM) and compute the entropy by means of Eq ;
6 while (k < G A 0k > duser ) do

7 Update acceleration and velocity coefficients (Eqs. and );

8 Compute the total force, the new positions and velocities (Eqgs. , and );
9 Handle boundaries violations (Eq. ) and update the counters (cyp and cLB);

10: Objective functions computation and CLS (Eq ) Update CM;
11: Calculate the internal loop tolerance (§;) and update the entropy S and cg;
12: k=k+1;

13: end while

14: Store the global best CP of the current internal loop;

15: Check the boundaries enlargement and non-decreasing entropy (Eq ) conditions;
16: Calculate the external loop tolerance (dx) using Jff;

17: K=K+1;

18: end while

19: Retrieve the global best CP.

as by computing the absolute error, the relative error, the standard deviation
among a set of CPs (Nj), etc.. Throughout this paper, the tolerance (4) must
be lower than 10710 and it is defined as the standard deviation of the last Nj

objective functions, i.e.,

T , (30)

5_¢Zﬁ&%—%ﬂﬂ2
where J7"*" is the mean value of the considered Ns objective functions. Fur-
thermore, if Nop < Ncpmaz, the last external loop is performed with an in-
creased number of CPs, which is updated with the same law as the one in Eq.
, in order to ensure a better convergence. The pseudocode and the flow chart
of IMCSS are provided respectively in Algorithm [T] and Fig[I] to summarize the

whole architecture of the proposed approach.
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Determine preliminary parameters
and internal coefficients

Random initialization of position and 1 Update coefficients Ghih by b
velocity of the particles ’—.
Determine the cost functions and sort Calculate the electric charge and Update the g\obal best and the
the particles current Charged Memnry
Subsmute SRR Calculate the electric and magnetic Update the Entrcpy of the
pre’wouihbezsg pitmcle ‘[‘Startmg from forces and the total force system and the tolerance of
e 2° external loop) the mtemal loop
Store the best particles in the Update positions and velocities by the
Charged Memory uniformly accelerated motion laws
Check the boundanes
violations counters for the
[ Compute the Entropy of the system ] SO s n
‘— Check the Entropy counter for
[ Compute the new costfunctions and }_ the increasing number of
sort the particles particles and compute the
tolerance for the external loop

O New O External loop

. Retrieve the global best particle and
. Modified n Internal Ioop [ the optimization variables

Figure 1: IMCSS flow chart with novelties and modifications wrt to the original MCSS.

3. IMCSS performance analysis

In order to test the effectiveness of the proposed IMCSS algorithm, a first
test is performed on some benchmark functions, which are optimization func-
tions whose global minima are well-known. This analysis allows to test the
efficiency of IMCSS in finding the global minima. Table[l| shows the considered

benchmark functions (some of them are the same as in the original paper about

MCSS (Kaveh et al) 2013) and other ones have been added). Many different

functions are considered, such as unconstrained and constrained, continous and
non-separable, convex and non-convex, multimodal and unimodal, differentiable
and non-differentiable, in order to take into account many heterogeneous condi-
tions (a list of the benchmark functions and their features can be found freely
online E[)

In particular, their analytical expressions, the dimension of the problems, the

lower and upper bounds of the variables and the global minima are indicated in

Thttp://benchmarkfcns.xyz/fcns, accessed on April 26, 2019
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Table 2: Statistical results obtained by IMCSS through 1000 independent runs on the bench-

mark functions.

Fun. Best Worst Mean Std Er o — Best| MCSS
BF1 -0.352386 -0.352386 -0.352386 5.160994E-10 0 -0.34974
BF2 0 1.268790E-07 9.910206E-09 1.749269E-08 0 1.435E-06
BF3 0 1.569533E-07 9.253131E-09 1.656263E-08 0 5.358E-06
BF4 0 7.068693E-10 1.085573E-12 2.306068E-11 0 2.542E-08
BF5  0.397887 0.397887 0.397887  1.656622E-09 0 0.401754
BF6 -1.031628 -1.031628 -1.031628 4.095771E-09 0 -1.031598
BF7 0 8.843861E-09 1.721074E-10 6.158793E-10 0 2.427E-08
BF8 -0.4 -0.4 -0.4 5.664971E-15 0 -0.398751
BF9 0 1.837917E-07 1.341720E-08 2.219142E-08 0 4.731E-06
BF10 -1 -1 -1 0 0 -0.999971
BF11 3 3 3 8.731835E-13 0 3.155378
BF12 1.946010E-10  0.145619 1.460866E-04 0.004605  1.946010E-10 6.815E-08
BF13 -3.862782 -3.862780 -3.862782 1.383581E-07 0 -3.861415
BF14 -3.321995 -1.267677 -3.275728 0.123722  3.728284E-04 -3.320421
BF15 0 2.553494E-08 1.094324E-09 2.628318E-09 0 0.074523
BF16 0 0.401014 0.002139 0.016957 0 -
BF17 -106.764537 -106.764535 -106.764537 1.248452E-07 0 -
BF18 4.309666E-15 7.867842E-09 3.084089E-10 6.750814E-10 4.309666E-15 -
BF19 -2.023988 -1.659511 -2.002659 0.062348 0 -
BF209.523413E-10  1.155187 0.005338 0.063119  9.523413E-10 -
BF21 -2.062612 -2.062612 -2.062612 1.494329E-10 0 -
BF22 -959.640662 -894.578900 -957.825537  8.712252  3.727915E-05 -
BF23 -19.208503 -19.208503  -19.208502 6.413715E-09 0 -
BF24 0 5.496055E-08 1.643349E-09 4.384696E-09 0 -
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Table [I} Table [2| reports some statistical results (the best, the worst, the mean
values, the standard deviation and the absolute error with respect to the real

.. N
minimum F,.

) obtained through 1000 independent runs on the benchmark
functions, without excluding the outliers. In Table [2| the error between the
computed and the real minimum is 0 considering the limits on the decimal digits
that have been found online. The IMCSS ends when the maximum iterations
number is reached or when the condition shown in Eq. is fulfilled. For
this analysis, Nj is set equal to 3 for both the internal and external loops.
The last column of Table [2] also shows the results of the optimization on some
Benchmark functions (BF1-15) with the original algorithm MCSS. Considering
that the results of the optimization in (Kaveh et al. 2013) are computed with
10 particles,a maximum number of iterations equal to 100 and without taking
into account a statistics on multiple runs, the results between MCSS and the
proposed IMCSS can only be compared by looking at the mean values of the
statistics. As can be noticed comparing the MCSS results with the mean values
obtained with IMCSS, the proposed algorithm generally outperforms the MCSS,
except in BF14 (Hartman6) and BF12 (Grienwank). However, for BF12, the
comparison cannot precisely be done, since in the original paper of MCSS the
dimension associated to this problem is only 2 compared to dimension 10 of
the present paper. For the common Benchmark functions between MCSS and
IMCSS, two different Wilcoxon tests are carried out by considering the mean
values and then the best values of IMCSS. For the first case, assuming an « value
equal to 0.05 and that the null hypothesis corresponds to a not significantly
different behaviour of the two algorithms, the obtained p value is 0.02557 which
is smaller than 0.05. Therefore, the null hypothesis is rejected and it can be
concluded that the two algorithms behave differently. In particular, IMCSS
outperforms MCSS since its mean value is lower. The same considerations can
be done considering the best values of IMCSS for the comparison: even in this
case, the p value (6.1035 - 107°) is lower than the « value (0.05). For what
concerns the other Benchmark functions (BF16-24), they have been added to

the analysis with the only purpose to test the algorithm with other functions
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with different features, so they can be considered for future comparisons.

A particular test for the Beale function (BF18, Fiin = 0, Z1,min = 3, T2,min =
0.5) is conducted to show the effectiveness of the boundaries handling strategy
introduced in Sec. Let the lower and upper bounds of the variables be bad
defined: LB = [0, —0.03] and UB = [2,0.03]. As one can note, the correct vari-
ables, which correspond to the global minimum of the function, are not within
the defined boundaries. If no strategy is performed and the boundaries remain
fixed, the computed global minimum is 0.64769574. Instead, if the strategy
about the boundaries handling explained in Sec. is applied, the IMCSS is
able to autonomously understand that the global minimum cannot be obtained
with the defined boundaries. In particular, what happens is that most of the
variables tend to move and accumulate towards the lower and upper bounds
values, suggesting that they want to move outside the boundaries to search for
the correct global minimum. Table |3| shows the time history of the optimiza-
tion problem for the Beale function with bad-defined boundaries: cyp and ¢ p
indicate the counters for the violation of the lower and upper bounds of the
variables, whereas the last two columns show the changes of the bounds. As
can be seen in the first row of the table, both the components of the violated

upper bound counter cy g are greater than the maximum admitted value C,q4

Table 3: Results of the boundary constraints handling technique for the Beale function with

Nep = 20.

Gk Gi,r Jg ) Cier CUB CLB UB LB

1 128 0.64769574 8.78738E-11 256 [324,267] [25,33] [2,0.03] [0,-0.03]
2 209 0.10013305 4.23267E-11 418 [9,523] [11,42][20,0.3][0,-0.03]
3 216 0.00000000 4.45473E-11 432 [12,12] [5,10] [20,3] [0,-0.03]
4 226 0.00000000 7.10376E-11 452  [20,10] [12,9] [20,3] [0,-0.03]
5 228 0.00000000 5.78289E-11 456  [13,8]  [14,8] [20,3] [0,-0.03]
6 259 0.000000009.29849E-11 518 [8,8] [4,10] [20,3] [0,-0.03]
7 185 0.00000000 3.31962E-11 407 [12,10] [4,8] [20,3] [0,-0.03]
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after the first external loop. This causes the enlargement of the two components
of the upper bound, which becomes [20,0.3]. This new upper bound includes
Z1,min, but not Tz min. In the second external loop, the value of C,qy is up-
dated according to Eq. . Since cyp,2 = 523 > Cpyep = 418, the second
component of UB is again modified and cyp becomes [20,3]. Finally, this is
a correct boundary that includes both the 1 ;min and zg ;. As illustrated in
the table, the third external loop already succeeds in finding the correct global
minimum. This example has shown the ability of IMCSS to find the correct
global with bad defined initial boundaries. Hence, IMCSS can overcome prob-
lems coming from bad-defined boundaries due to a not perfect knowledge of the
optimization problem.

For what concerns the efficiency of the CLS technique, another analysis is
performed on the 24 Benchmark functions considering 1000 independent runs for
each function. Two Montecarlo analysis are performed: the first one is carried
out without using the CLS, whereas the second employs the CLS. The same
random numbers for the two Montecarlo are generated in order to actually test
the reliability of the test. The results show that, for 17 functions out of 24, the
CLS helps for the majority of the runs (effective runs > 500) to improve the
convergence to the global optimum, which is considered to be obtained when the
algorithm reaches the global best with an error of 10~* with respect to the real
global minimum. The functions for which the CLS does not provide a significant
real improvement (effective runs < 500) are: BF12, 14, 15, 16, 19, 20 and 22.
Three examples about the comparison of the performances of IMCSS with and
without CLS, regarding the functions BF7, BF13, BF17, are shown in Fig. [2]
As can be noted, for all the cases the chaotic local search allows to reach the
convergence much faster; in particular, for BF17 the advantage of exploiting the
CLS inside the algorithm is evident because the global optimum is approached
since the beginning of the optimization procedure. This analysis shows that
the CLS can actually speed up the convergence for most of the cases; thus,
it is convenient to employ it at the expense of a greater number of functions

evaluations per iteration.
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Another important point is related to the increase of the N¢op because of
the non-decreasing entropy of the system. For example, considering the Ackley
function (BF20) after the second external loop , with Nop = 30, it can happen
that the entropy is non-decreasing for more than 50% of the total iterations,
as reported in Fig. [3| (256 iterations over a total of 510 had a non-decreasing
entropy). Non-decreasing entropy could mean that the algorithm has already
found a possible candidate for the global minimum, thus the entropy does not
decrease anymore, but it could also mean that it has stalled in a wrong minimum.
Therefore, in order to increase the probability to converge to the real global
minimum, according to what has been said in the previous Section, the number
of CPs is increased, decreasing the failure possibilities of the algorithm. It is
important to highlight that this procedure can help the IMCSS to speed up the
convergence, but it could also be not determinant (it is only assumed that a
better and faster convergence can be achieved with a greater number of CPs).
These above-mentioned examples shows the effectiveness and abilities of the
proposed algorithm to try to overcome some difficulties in finding the optimum.

While the previous tests on the Benchmark functions aim at showing the
potentialities of the proposed algorithm and its comparison with the original
MCSS, a second analysis is carried out on well-known engineering optimization
problems, such as the tension/compression spring design, the welded beam de-
sign and the pressure vessel design problems. This analysis allows to compare
IMCSS to other works in literature which employ very different methods of
optimization, from mathematical-based to metaheuristic and evolutionary algo-
rithms. For the sake of conciseness, the descriptions of these three problems
are not reported here; for further details on the mathematical transcriptions
of these problems and the related boundaries of the optimization variables the
reader can refer to (Kaveh et al., 2013). From Table [4] which represents the
statistics for the tension/compression spring design problem, it is possible to
see that IMCSS outperforms all the algorithms apart from the last three. How-
ever, for these three cases, their mean values are always greater than the mean

and also the worst values found by IMCSS, thus proving a more reliability of
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the proposed algorithm although the best value of IMCSS is less than the other
three. The statistics for the welded beam design problem is represented in Table
[l which shows that the best value of IMCSS is better than those of the other
works, but the mean value is higher than the last three approaches. By looking
at the mean value, since it is closer to the best value than the worst one, it is
possible to understand that there are only few runs for which the minima ob-
jective functions reach high values. Finally, the statistics on the pressure vessel
design problem, illustrated in Table [6] shows that IMCSS outperforms all the
other algorithms with a significant lower value of the best function. As can be
deduced from this analysis, IMCSS can outperform (or at least be comparable
to) many algorithms, thus proving its reliability and competitiveness with other
optimization approaches while adding at the same time the important feature
of a more user-friendly usage.

Table 4: Comparison between IMCSS and other algorithms on the tension/compression

spring design problem.

Methods Best Mean Worst Std

0.0128334 N/A  N/A  N/A

0.0127303 N/A  N/A  N/A
0.0127048 0.012769 0.012822 3.9390E-05
(Icoeuo & Montes), |2002|) 0.0126810 0.0127420 0.012973 5.9000E-05
(He & Wang, 2007) 0.0126747 0.012730 0.012924 5.1985E-05
(IMezura—Montes & CoelloL |2008I) 0.012698 0.013461 0.16485 9.6600E-04
Kaveh & Talatahari, 2010a) 0.0126432 0.012720 0.012884 3.4888E-05
Kaveh & Talatahari, 2010b) 0.0126384 0.012852 0.013626 8.3564E-05

Kaveh et al.l 2013) 0.0126069 0.012712 0.012982 4.7831E-05

Present work 0.0126652 0.012665 0.012666 5.5318E-08

4. Optimal Control Problem Statement

The description of the optimal control problem related to satellite formation
reconfiguration is provided in this section. Minimum time manoeuvres will be

addressed for a formation of two satellites, the chief ¢ and the deputy d. The
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Table 5: Comparison between IMCSS and other algorithms on the welded beam design

problem.

Methods Best Mean  Worst Std

(Ragsdell & Phillips, [1976) 23815 N/A  N/A  N/A

Deb), 1991 2433116 N/A  N/JA  N/A
Coello%%l) 1.748309 1.771973 1.785835 0.011220
(ICoeuo & Montes, |2002|> 1.728226 1.792654 1.993408 0.074713
(He & Wang, 2007) 1.728024 1.748831 1.782143 0.012926

(iMezura—Montes & Coellol |2008|) 1.737300 1.813290 1.994651 0.070500
Kaveh & Talatahari, [2010a) 1.724918 1.729752 1.775961 0.009200
Kaveh & Talatahari, [2010b) 1.724866 1.739654 1.759479 0.008064

(Kaveh et al.l, 2013 1.724855 1.735374 1.750127 0.007571

Present work 1.724852 1.762985 2.640950 0.156215

Table 6: Comparison between IMCSS and other algorithms on the pressure vessel design

problem.

Methods Best Mean ‘Worst Std
(Sandgrenl 1988 8129.1036 N/A  N/A  NJ/A
(IKannan & Kramerl, 1994') 7198.0428 N/A N/A N/A
Deb, [1997 64103811 N/A  N/A  N/A
coeuﬂﬁ%b 6288.7445 6293.8432 6308.1497 7.4133
(Coello & Montes, 2002)  6059.9463 6177.2533 6469.3220 130.9207
(He & Wang, 2007) 6061.0777 6147.1332 6363.8041 86.4545

(iMezura-Montes & CoelloL |2008|) 6059.7456 6850.0049 7332.8798 426.0000
Kaveh & Talatahari, 2010 6059.7258 6081.7812 6150.1289 67.2418
Kaveh & Talatahari, 2010b) 6059.0888 6067.9062 6085.4765 10.2564

Kaveh et al.l, 2013) 6058.9710 6063.1798 6074.7391 9.73494

Present work 5885.3327 5885.4119 5886.7128 0.09339

equations of motion of the system, referred to an Earth-centered inertial (ECI)

coordinate system % = {X s,Y,,Z s} shown in Fig. [i] are

. M
r:—r—3r+u+f (31)

e where y = 3.986 - 10° km?3/s? is the Earth gravitational parameter, r is the
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Figure 4: ECI coordinate system .# and LVLH coordinate system .Z.

position vector of the satellite (r is its magnitude), u is the external acceleration
(provided by the engines), and f is the perturbation acceleration (depending on
the environmental forces). Let p = rq—r. = [pa, py, pz]T be the relative distance
between the chief and the deputy. The relative motion is usually described in
the local-vertical /local-horizontal (LVLH) reference frame .¥ = {X ¢, Yo, Z#},
shown in Fig[4] with X ¢ pointing from the center of the Earth to the origin of
2, Z o perpendicular to the orbital plane and Y¢ completing the right-hand
Cartesian coordinate system. This reference system is centered on the chief
satellite. Consider the chief satellite on a circular orbit (which implies w =

v/ 1/r3) with inclination i, and let the Jy gravitational effect in f be considered

in the following mathematical model (see (David & McClainl [2007) for further

astrodynamical details). Imposing u. = 0, the relative motion is described by

the SS model developed by Schweighart and Sedwick (Schweighart & Sedwick,
2002),

P — 2mpy — (4m? —1?)py = u,
By + 2Mpa = uy (32)

Pz + (2m2 - ﬁQ)pz = Uz

33



645

650

655

660

665

where m = wy\/1 +ky,, n = w\/1 —ky,, k7, = (3J2R2/87%)[1 + 3 cos(2i..)] and
R, is the Earth radius. Note that the in-plane motion along X ¢ and Y is
decoupled from the out-of-plane motion along Z . It easy to see that Eq.

can be also written in the state-space form in the following form

% = Ax + Bu (33)

where matrices A and B are computed from Eq. , X = [pl,p'$T]T and
u = [ug, uy,u,]". Let to and t; be the initial and the desired final relative state;

the time-optimal problem considered in this paper is defined as follows

Find (x,u,ty)*

minimizing J =ty — to

subject to, Vt € [to, ty],

dynamical constraints : x = Ax + Bu

boundary conditions : x(t9) = Xo, x(ty) = xy,

control constraint : [[u(t)||, — Umaz <0
where the infinity norm is defined as ||u(t)|/cc = max{|uz(t)], |uy(t)|, |u.(t)]}.
The reconfiguration manoeuvre must be accomplished in the shortest final time

*
.

4.1. Inverse dynamics technique

The direct dynamics is usually employed for most of the applications; it
consists on obtaining the trajectory via an integration process under an applied
control. Instead, the inverse dynamics technique is exploited in this paper since
the external control u(t) can be written as a function of the state. In this
case, the state vector x is approximated by some functions or curves. The op-
timization algorithm searches for the optimal values of the state approximation
coefficients describing the curve, or the function, of each state component. The
control is obtained from the state and its time derivatives (the required order of
derivatives depends on the problem). The inverse dynamics approach overcomes

some direct-dynamics issues such as low computational speeds and integration
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of numerical errors and has a reduced number of optimization parameters with
respect to traditional methods (collocation and pseudospectral). All these fea-
tures allow to have a very good compromise between the computational time
and the optimality of the results. It is important to note that, because of the
approximation of the position vector (and its first and second derivatives) the
inverse dynamics technique usually provides a sub-optimal solution representing
a good compromise between reliability and complexity. Within the frame of the
inverse dynamics technique, a particular subclass is the differential flatness (DF)
formulation (Fliess et al., [1995)), which is based on the so-called flat output y(¢)
(with the same dimension of the control u(t)). If such a flat output exists, then

the state and the control can be written as functions of y,

X:a(Y7Y7"')y(B))7 uzb(Y’}"?"'?y(ﬁ-‘rl)) (35)

For our optimization problem, let y = p. According to this choice, § = 1 and
the full state x is obtained via time differentiation of p, whereas u = b(p, p, p).
Therefore, the optimization problem, illustrated in Eq. , can be rewritten

as a function of the flat output as

Find (p,ts)*

minimizing J =ty — %o

subject to, Vt € [to,tf],

boundary conditions : p(to) = po, p(ts) = py,
p(to) = po, p(ty) = py,

control constraint : [|b(p, p, p)||c — Umaz <0

As it can be seen, the dynamics constraint does no longer appear in the new for-
mulation of the optimization problem, because it is satisfied a priori. Note that
Eq. holds for the real (but unknown) flat output p(¢) and for its numerical
approximation py(t). In order to make the problem as simple as possible, the
approximation curves can be chosen to directly fulfill also the boundary con-

ditions, which are linked to a clever choice of the approximating polynomials
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coefficients. Thus, calling with Dg the set of approximating function satisfying

the boundary constraints, the problem is reformulated as follows

Find (pn,ty)* such that py € Dp

minimizing J =ty — ¢
Bl (37)

subject to, Vt € [to, ty],

control constraint : |[b(pn, pn, PN)|| o — Umaz <0

By employing the DF formulation, three main advantages can be highlighted:

1. The minimum number of optimization parameters is employed.

2. The control policy is obtained in an analytical closed form avoiding the
integration of dynamics equations (thus saving also computational time).

3. Initial and final conditions are automatically respected since they are im-

posed a priori in the polynomial approximation of p.

4.2. B-spline curves approximation

Many interpolating functions can be chosen to approximate the trajectory of
the deputy satellite: this choice can strongly affect the results of the optimization
problem. Among the most used approximation, there are the Chebyshev poly-
nomials and the B-spline curves. In this paper, B-spline curves are employed,
instead of Chebyshev polynomials, because it has already been demonstrated
that B-spline curves perform better and allow to obtain more accurate results in
this kind of optimization problem (Parente et al.,2018). The B-spline B()\; a, K)
is characterised by a strictly increasing independent variable 0 < A <1, the co-
efficient vector a = [ag, a1, ..., an,—1] and the Knot vector K, made up of m+1

components,

K={kyn=0,...mlko=0kn=1kn<kni1} (38)

Here, Np is the number of interpolating parameters and m = Np + D, where D

is the degree of the polynomials. Hence, the [-th component of the approximated
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relative displacement pn.; can be expressed as

Np—1

pva(N) =Bhia,K) = > apNop(XK) (39)

n=0

In Eq. , N p(X; K) represent the basis functions and are defined through
the Cox-de Boor recursion formula (Boor} [1972). With regard to the time, it can
be defined from A as t = ¢y A. However, as already shown in (Spiller et al., [2017]
2016b)), full advantage of the B-spline is taken approximating the trajectory as a
curve, not as a function. In this case, the linear relationship between ¢ and X is no
more valid and the time is evaluated as a B-spline. Once introduced the strictly-
increasing time coefficient vector b = [b,1 = 0,bp2 > bp1,....,0n N, = 1], the
time is given as
Np—1

t=1tB\b,K)=tr Y buNop(LK). (40)

n=0

Let B, = 0B(\;a,K)/0X and B! = 9°B()\; b, K)/0\? be defined as

Np—2

B,= Y a,Not1p1(LK), (41)
n=0
Np—3

B, = Z anNntop—2(N K), (42)
n=0

where (-)" is the derivative with respect to A, and a], and a!’ are given by the
following finite differences:
! !/
afy =il 78 g (p gy et 7O 13
kn+p — k’n ( )kn+'D71 - kn ( )
Eq. and Eq. can be obviouslly defined also for the first and sec-
ond derivates of B(\;b,K). The time derivatives of the function p? are then

evaluated as

_dB(:a.K) 9B(\a,K)oA 9B(\aK) 9\ B,

PNEZTTgr T T axn ot ox 9B(\bK) B, »
. @B(\aK) B'B,-B/B, (44)
PN;l: dt2 = B/i’ .
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Table 7: Orbital parameters of the chief satellite.

Parameter a (km) e i(deg) Q (deg) w (deg)
Value 7000 0 45 0 0

To build a B-spline, a polyline defined over the control points A; = [b;,a,], j =
0,...,Np — 1, is introduced. In the sequel, clamped B-spline will be employed:
in this case, the curve passes through Ay and Ay, _; and it is obtained using

non-uniform knot points given by

kn =0 if 0<n<D,
n—"D
fy = 2 ifD<n<Np-—1, 45
Ny~ D if D<n<Np (45)
kp=1 if Np—1l<n<m.

Initial and final conditions on the /*" component of the state x;(t) are imposed

by setting

ag = x1(to), a1 = ag+ (b —bo)di(to), (46)

anp—1 =1(tf), anp—2=anp-1— (bnp—1 —bnp—2)Ti(ty).

5. Numerical results

The optimal control problem explained in Sec. [ is applied to the case of a
controlled deputy and a non-cooperative chief spacecraft. Table [7] reports the
orbital elements of the chief satellite, orbiting around the Earth on a circular
inclined orbit with an orbital period of about T}, = 5828.52 s. For this analysis,
only the planar motion is taken into account, i.e., the motion along Z ¢ is not
controlled.

Non-dimensional units are used; consequently, distances are divided by K,
that is the initial relative distance between the two satellites, and the control is

divided by K,, = tmqz. The manoeuvre time is normalized by K; = v/ K. /umaz,
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Table 8: Boundaries of the variables.

Variables Boundaries
Coefficients for the displacements [—10,10]
Coefficients for the time vectors [0,1]
manoeuvre time [0.25,1.25] - Torp/ K

and velocities are divided by K, = K,/K;. The maximum value of the thrust
has been set t0 Upa, = 5-107% m/s?. For what concerns with the B-spline, Np
is set equal to 8; whereas the trajectory is discretized over Ny = 100 points. The
tolerance is computed by means of Eq. with Ns = 3 for both the internal

and external loops. The objective function is defined as

2 N,
T =15+ 3> mklaste) + 100 - Nyior
=1 k=0
4
0 i lurlanti)l (47)
mk(ar, ty) = Umaz
’ t
luwlar, b)) otherwise .
umllw

Note that ff is the normalized manoeuvre time and N,;,; represent the number
of violated constraints, which makes the algorithm prefer those CPs that violate
a small number of constraints than the others. In particular, N, is set equal
to 1 if u, or u, exceeds the maximum admitted value w,q., otherwise it is set
equal to 0. Using improved B-splines, the vector X;, associated to each CP of
IMCSS, is made up of 21 variables. Indeed, 2(Np—4) and 2(Np —2) are the pa-
rameters needed for the B-spline approximation respectively for the trajectory
and the time (along both dimensions), and the last variable represents the time
of the manoeuvre. The boundaries chosen for the variables are shown in Table
Initial and final state vectors are respectively: [z(0),y(0),£(0),y(0)] = [-1 km,
1 km, 0 km/s, —2wz(0) km/s], where w is the mean motion of the chief satellite,
and [z(f),y(f),Z(f),9(f)] = [0 km, 0 km, 0 km/s, 0 km/s]. According to the ini-
tial conditions, K, = 1.4142km, K; = 1681.793 s and K, = 8.40896-10* km/s.
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The results of the optimization are shown in Fig[5| As it can be seen from the
control policy, the control approximates very well the bang-bang control, which
is proven to be the ideal optimal control by the Pontryagin Maximum Principle
(PMP) applied to the Hamiltonian written for the SS model (see (Kirk, [2012))
for further details). The computed manoeuvre time is 3921.74 s, which is lower
than previous results in literature (in (Parente et al. |2018]) the manoeuvre time
for this problem was shown to be 3940 s, by using the PSO, and 3930 s, by means
of DE). This comparison demonstrates the effectiveness of the proposed IMCSS
algorithm and its competitiveness with respect to more common algorithms in
the field.

Another simulation was performed to demonstrate the effect of the bound-
aries constraints handling technique also for this optimal control problem. Let
the upper bound of the manoeuvre time be wrongly defined as [0.25,0.5] -
Torp/ K. The optimal time previously computed is not within this range. Table
|§| illustrates one case of the history of the optimization procedure. cyp and ¢ p
indicate the counters for the violation of the lower and upper bounds of the
manoeuvre time. The last two columns show the history of the lower and upper

bound of the manoeuvre time in dimensionless unit. For the first three external

= B-spline Maneuver
- - .Trajectory in to

Control (Ku)

0 500 1000 1500 2000 2500 3000 35C -1 0 1 2 3
t(s) y (km)
(a) (b)

Figure 5: Normalized control policy (a) and trajectory (b).
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loops, IMCSS is able to decrease the objective function, but the constraint on
the maximum control is violated. Up to the third external loop, the sixth col-
umn indicates that the boundary is not violated, although the counter shows an
increasing trend due to the fact that IMCSS is decreasing the objective function
acting only on the manoeuvre time (but not on the control constraint). Be-
tween the third and the fourth loop, the performance index decreases only by 4
unities; this means that IMCSS cannot decrease anymore the objective function
trying to fulfill at the same time the control constraint. This is an evidence of
the fact that something is going wrong; in fact, if one looks at the counter of
the boundary violation at the end of the loop, it is greater than the maximum
permitted. This violation causes IMCSS to understand that the boundaries of
the manoeuvre time have been bad-defined by the user and thus it enlarges the
upper boundary. As can be seen, from the fifth loop to the end of the opti-
mization process, IMCSS is able to change the search direction toward the real
optimal solution. The final normalized manoeuvre time is ¢y = 2.34884, which
corresponds to 3950.27 s (very close to the actual optimum). Hence, this ex-
ample has shown again the ability of IMCSS to converge to a very good result,

correcting at the same time the error made by the user.

Table 9: Results of the boundary constraints handling technique for the reconfiguration

manoeuvre with Nop = 50.

Gk G,y Jg ) Ciax cuB ¢ UB LB

450 745.35684 0.08254 2250 1517 70 1.73283 0.866415
450 662.02823 0.42898 2250 1925 61 1.73283 0.866415
450 626.86848 0.48313 2250 2108 60 1.73283 0.866415
450 622.39754 0.15988 2250 2278 98 1.73283 0.866415
450 3.06361 0.03517 2250 258 117 17.32830.866415
450 2.86168 0.00040 2250 167 93 17.3283 0.866415
450 2.42161 0.00314 2250 230 108 17.3283 0.866415
2250 2.34884 0.0055011250 106 76 17.3283 0.866415

0w N O Ut e W NN =
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6. Conclusions

An Improved Magnetic Charged System Search (IMCSS) algorithm is de-
veloped to improve the performances of the original MCSS. To this aim, some
useful tools are introduced, such as the chaotic local search and the boundary
constraints handling technique. Moreover, significant steps towards the self-
adaptivity of the algorithm are carried out. In fact, the algorithm is able to
dynamically change its internal coeflicients and automatically provide suitable
initial parameters as functions of the lower and upper bounds. All these con-
cepts can also be adopted to improve and speed up the convergence of other
metaheuristic algorithms and the potentialities of these strategies are shown.
Indeed, the analysis with benchmark functions, which have different features
and order of magnitudes, and classical engineering problems shows good results
compared to the ones reported in literature. The paper demonstrates that the
boundary constraint handling technique is effective when the lower and upper
bounds of the variables are bad-defined. In addition, it has been demonstrated
that the chaotic local search is a useful tool for reaching the global optimum in
a faster way, and it has proved to be successful in most of the cases. Moreover,
the entropy of the system is successfully used to ensure a better convergence by
increasing the initialized number of particles during the optimization process.
Furthermore, the space application dealing with time optimal manoeuvre for
the docking of two satellites is studied imposing an inverse dynamics approach.
The computed optimal time of the manoeuvre indicates an improvement with
respect to the literature. Since the optimization problems faced in this work
are very different from each other, this paper represents a good proof of having
chosen suitable mathematical laws for the parameters of the IMCSS algorithm.
To conclude, the proposed algorithm is demonstrated to be efficient and reliable

to solve optimization problems, including those related to space engineering.
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