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Abstract—Particle Swarm Optimization with Turbulence
(PSOT) is, in this paper, applied to find out fuzzy models to
represent dynamic behavior of space systems that lie under-
neath the space qualification process. In optimization area, each
minimal improvement in results may represents a maximal,
precious meaning and PSOT improve the performance of the
established Particle Swarm Optimization (PSO) by introducing
a slight variation, which simulates the action of an atmosphere
turbulence to escape from local minima. This paper trades
off the results of original PSO presented in a previous paper
and PSOT both intertwined with Takagi-Sugeno (TS) fuzzy
modeling dealing with experimental results of a thermal-
vacuum system. Particle Swarm Optimization with turbulence
has demonstrated to be a good alternative by taking into
account the velocity of convergence to better solution and the
total optimization time in generating dynamical models to the
proposed system.

I. INTRODUCTION

Efforts have been dispensed to improve the capacity of
modeling dynamic systems. With high complexity charac-
terizing many of these systems, techniques of nonlinear
modeling are used to approximate a model to the given
dynamic system.

Optimization algorithms are into these nonlinear tech-
niques. To solve a problem it starts from an initial config-
uration, which is a problem solution candidate. Based on a
quality parameter (usually a function) the initial configuration
is modified in order to minimize (maximize) this quality, i.e.,
cost function.

In areas of space research and industry, the thermal-
vacuum system is very important to represent the dynamic
behavior of space systems outside the earth atmosphere.
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Some of these systems are, only to mention few, communica-
tion satellites, spacecrafts etc. To better plan space missions,
tests and simulations into laboratories have to describe with
more fidelity as possible the conditions that these systems
will meet outside earth atmosphere.

Other advantages of identifying a model that well rep-
resents this real world are the ability to detect loss of
vacuum, presence of unknown heat sources or sinks, training
of thermal-vacuum operators, development of a supervisor
decision-support system for helping to control the whole
operation, checking the instantaneous operation or even the
operator’s behavior or performance, and, ultimately design
an automatic control for the whole system [1], [2], [3].

Through a database of thermal-vacuum behavior this paper
employs the Takagi-Sugeno (TS) fuzzy-modeling technique
to describe space systems. Fuzzy systems has being an alter-
native to model nonlinear systems [1], [4], [5], [6] since they
are universal approximators [7], [8]. Due to that it is used
here to represent the main dynamic characteristics of space
systems that lie underneath space qualification processes. The
system identification of the TS fuzzy-modeling is accom-
plished by an optimization approach named Particle Swarm
Optimization with Turbulence (PSOT), which is employed to
improve input-output values represented in premises (IF) and
consequent (THEN) parts of system description. The fuzzy
modeling of a thermal-vacuum system is, then, tuned by ap-
plying an adaptation of Particle Swarm Optimization (PSO)
algorithm to approximate this model to the best solution
describing the actual system. The PSO is a stochastic op-
timization technique that mimics the sociological, collective
behavior inspired in flock of birds (swarm). First, introduced
by Kennedy and Eberhart [9], [10], this search mechanism
in which each particle (individual) interact locally with their
environment and globally with other particles to find out
the minimum (maximum) in a optimization space and so
coherent and convergent global solution [11], [12], [13], [14].

Results show that this hybrid, modified approach has also
succeeded on simulating a real system and can be applied to
support operators to decide what is the best control action
for conducting a thermal-vacuum qualification testing.

II. TAKAGI-SUGENO FUZZY MODELING

Proposed by Lofti Zadeh [15], fuzzy logic can be un-
derstood as a generalization of the Boolean logic. Fuzzy
logic is based on the syllogism and the fuzzy set theory.
While the first is well known, the latter needs explanation.
A fuzzy set is composed of elements that can assume infinite
values between true and false. Fuzzy sets are represented by

Authorized licensed use limited to: INSTITUTO NACIONAL DE PESQUISAS ESPACIAIS. Downloaded on March 11,2021 at 18:08:33 UTC from IEEE Xplore.  Restrictions apply. 



membership functions μM (x) → [0, 1] where each element
inside a fuzzy set, M = {x ∈ X}, assumes a degree of
conformity between 0 and 1. Due to that, fuzzy logic allows
to represent by propositions, P = < x1 is M >, the inherent
imperfection (uncertainty, imprecision, vagueness) in human
descriptions of nature phenomena. It provides a conceptual
base to build up a sort of reasoning that is neither exact nor
inexact, i.e., an approximate reasoning. It can better represent
verbal or mental modeling by using qualitative expressions,
inherent of human communication, into computational val-
ues. Concerned to knowledge or cognitive model, it is termed
as deductive model, as well.

This technique also assumes an important role when
attempting to represent dynamical systems. It represents a
nonlinear mapping from input space vectors, Xn, to a scalar
output space, Y , in the form, f : Xn → Y , such that Xn

and Y are universe of discourses that define the input-output
space, Xn×Y , and an associated fuzzy inference mechanism.
For instance, when using fuzzy sets to part the input universe
of discourse, A = {x ∈ X1}, into an output universe of
discourse, B = {y ∈ Y }, it is represented as f : A → B.
These items of input space will be compared to the linguistic
terms (i.e. labels) using IF-THEN rules.

Takagi-Sugeno (T-S) fuzzy model [16] is an alternative
for fuzzy system representation when dealing with data. It is
able to approximate highly nonlinear functions and exhibits
simple structure by using a small number of implication
rules [16], [17]. T-S model divides the input space in the
same manner that Mamdani fuzzy system [18] but aims to
approximate structure of the local models to a linear model in
the consequent of the rule. Another advantage of employing
this approach is that it reduces the problem complexity by
restricting the number of rules that will be processed in each
subsystem, and then interpolating them to obtain the global
model.

The T-S fuzzy model is characterized as a set of IF-
THEN rules where the consequent part are linear sub-models
describing the dynamical behavior of distinct operational
conditions meanwhile the antecedent part is in charge of in-
terpolating these sub-systems. This model can be represented
as follows:

Rj : IF x1 is A1j AND . . . AND xm is Amj

THEN yj = f(·) (1)

The “THEN functions” constitutes the consequent part of
the j-th rule of the fuzzy system that is characterized,
but not limited to, as a linear polynomial, yj = bj

0 +
bj
1u

j
1 + . . . + bj

qj
uj

qj
. The j-th rule output, yj = f(u, bj), is

function of the consequent input vector, u = [uj
1, . . . , u

j
qj

]T ,
comprising qj terms and the polynomial coefficient vector,
b = [bj

1, . . . , b
j
qj

]T , that compose the consequent parameter
set.

The global model is, then, obtained by the interpolation
between these various local models:

y =
N∑

j=1

hj(x)yj(uj) , (2)

where N denotes the maximal number of rules and hj(z) is
the normalized firing strength of R(j) , defined as:

hj(x) =
μj(x)

∑M
j=1 μj(x)

, (3)

with:

μj(x) = μAj
1
(x1)μAj

2
(x2) . . . μAj

m
(xm) , (4)

for linguistic labels, Aj
i , associated to a membership function.

III. PARTICLE SWARM OPTIMIZATION WITH

TURBULENCE

In order to differentiate the Particle Swarm Optimization
with Turbulence (PSOT) from the original Particle Swarm
Optimization (PSO) the latter is presented first.

A. Original Particle Swarm Optimization

Particle Swarm Optimization (PSO) technique was sug-
gested by Kennedy and Eberhart [9], [10] as a bioinspired
meta-heuristic that simulates a social behavior and interac-
tions of population’s members [11].

Like other computational approaches that simulate move-
ment of organisms, the main idea concerning PSO is to
manipulate the distance between each member in the solution
space. To simulate this behavior, each member (i.e., particle)
is described by its position and a velocity of displacement
in the solution space that is related to a potential solution to
an analyzed problem.

The simulation process has a pre-defined iteration number,
where in each iteration the particle’s position is updated
based on the best position of all iterations (i.e. best local,
pbest) and on best position of population (i.e. best global,
gbest).

The first position and velocity adopted by each particle
is generated randomly using uniform probability distribution
function. Then, for each particle the algorithm proceeds as
follows:

(i) evaluate its fitness value;
(ii) compare each particle’s fitness with the particle’s

pbest. If current value is better than pbest, then set pbest
value equal to the current value and the pbest location equal
to the current location in n-dimensional space;

(iii) compare the fitness with the population’s overall
previous best. If current value is better than gbest, then reset
gbest to the current particle’s array index and value;

(iv) change the velocity, vi, and position of the particle,
xi, respectively according to eq. (5) and (6):

vi(t + 1) = w · vi(t) + . . .
c1 · udi(t) · (pi(t) − xi(t)) + . . .

c2 · Ud(t) · (pg(t) − xi(t))
(5)

xi(t + 1) = xi(t) + Δt · vi(t + 1) (6)

(v) Return to step (i) until a stop criterion is met, usually a
sufficiently good fitness or a maximum number of iterations
(generations).
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The inertia weight, w, in (5), given as:

w = wmax − wmax − wmin

itermax
iter , (7)

helps in controlling the movement of each particle. Based on
experimentation [19] [20] it describes the influence of inertia
weight in particle’s exploration as follows:

• w < 0, 8: induces a local search. This type of explo-
ration aims to optimize the solution, searching close
around the actual point;

• w > 1, 2: induces a global search. This exploration aims
to find a further and better solution in the space by
searching in unexplored areas;

• 0, 8 < w < 1, 2: these intermediary values represent
a balance between global and local search. In general,
values of this interval are often the best ones to solve
problems.

In turn, the constants c1 e c2 are always positive and
represents a social component which limits the velocity,
respectively, to local best (pbest) direction and to global best
direction (gbest).

B. Turbulence for improving Particle Swarm Optimization

In the original representation of PSO, only the interactions
among particles are considered to update position values. In
order to improve the performance of the original algorithm,
a slight variation, which simulates the action of atmosphere
turbulence, was introduced, becoming the process of escap-
ing from local minima more efficient [21], [22]. It modifies
randomly and independently the particle’s pathway aiming
approximation of this model to the real world. The turbulence
value can be obtained by the following equation:

iturb = (w + c1 + c2) · G(xgbest) · (1/(T − t)) (8)

where T is total number of iterations, t is current iteration.
Others ways can be used in order to calculate this value.

It could have as many dimensions as distinct variables
considered by PSO. To include turbulence in PSO, it is used
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TABLE I
PARAMETERS FOR PSOT APPLICATION, ACCORDING TO [23], [24]

Parameter Value

Number of particles 5

Number of iterations 30

Number of experiments 30

Learning rate c1 = c2 = 2.05

Optimization function Maximization of Pearson

multiple correlation coefficient

uniform probability (this value is defined by user) to active,
or no, the turbulence in the computing of the speed in each
dimension. For instance, the case where turbulence is applied
in some dimension is given as:

vid = vid · iturb · randi (9)

In so doing, this equation replaces eq. (5) in the velocity
update step of the PSO algorithm.

It is worth mentioning that most turbulence representation
adopt the Osborn Reynolds assumption on turbulence, where
the flow is split into a deterministic component (similar to the
laminar flow, but obtained by the Reynolds average) plus a
stochastic component. However, if the average flow is zero,
therefore the turbulent velocity follows a law according to
Eq. (9).

IV. QUALIFYING SPACE SYSTEMS BY USING PSOT-TS
FUZZY MODELING IN THERMAL-VACUUM SYSTEMS

The thermal-vacuum system aims to reproduce space
conditions for space qualification. In order to achieve that,
it is composed by a chamber, a set of tubes (shroud),
and other auxiliary devices. The function of shroud is to
regulate temperature into the chamber. This operation is
executed by a system of re-circulating gaseous (GN2) and
liquid nitrogen (LG2) providing cooling while resistances
provide heat [25]. This system presents time-delay, is time-
varying, and works in diverse operational conditions defined
by various levels of temperature (set points) used during the
test, but is not nonlinear [23], [24]. It is illustrated through
experimental data in which a dynamical response for passive
load is depicted in Fig. 1. The solid line represents the
temperature of the gas inside the shroud and corresponds to a
typical temperature set up for thermal-vacuum environmental
simulation for satellite qualification. The dashed line, in turn,
is the temperature on the satellite and represents its thermal
response when submitted to step values of temperature.

Takagi-Sugeno (TS) fuzzy system is widely accepted as a
tool for designing and analysis of fuzzy systems. It became a
powerful tool for nonlinear modeling/identification and con-
trol of dynamical systems mainly if intertwined with Particle
Swarm Optimization [3]. The parameters employed to run
the PSOT algorithm to find a TS fuzzy model for thermal-
vacuum systems are given in Table I, aiming performance
benchmark [23], [24].
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In order to achieve better results and using universal
approximation characteristics of fuzzy modeling when using
PSOT, Gaussian membership functions are chosen and set to
3 [23]. In so doing, the number of particles in population
is predefined. Here, positions of particles in population are
generated randomly using uniform distribution. In order to
verify the effectiveness of the modified PSO, 21 experiments
for all turbulence randomized algorithm are carried out.
These experiments are runned with different random seeds.
It intends to improve the confidence interval of experimental
results.

An original PSO algorithm and 20 other ones with a
variation of turbulence ranging from 5 to 100 with step
of 5% are accomplished. Based on those parameters, the
fitness evolution in the best iteration of each experiment
(each variant of PSO) is presented in Fig. 2 and detailed
in Table II.

As it may be noticed, the PSOT with 85% probability of
turbulence achieve the same result as original PSO (with no
turbulence within) – the best fitness value as 0.999. Nev-
ertheless, PSOT with 5%, 10%, 25%, and 30% probability
of turbulence has a much higher speed of convergence than
original PSO.

The estimation of PSOT-TS Fuzzy model output, ŷ(k),
used for computing the minimum square error when com-
pared with the current output, y(k), is computed by using
one-step ahead forecasting. To compute the error in the
modeling was used the output of PSOT-TS Fuzzy model,
ŷ(k), as could be seen next:

min θ =
N∑

k=1

||ŷ(k) − y(k)|| (10)

and then compared to current output.
The maximization of Pearson multiple correlation coeffi-

cients is chosen to evaluate the output during the optimization
process. This coefficient gives the rate between the variability
of two measures (variables) in which one is described by
the variability of the other [23]. Suitable correlation factors
considered for practical control applications are bigger than
0.9 and lower (or equal to) than 1.0 as presented in [26].

Complementary, the similarity of actual time measures and
the estimated ones computed by PSOT with 85% turbulence
probability is depicted in Fig. 3. The measured output and
estimated output match each other and so, achieving the
desired objective established for this paper.

V. CONCLUSION

In this work Particle Swarm Optimization with Turbulence
(PSOT) is applied to Takagi-Sugeno fuzzy model optimiza-
tion. The TS fuzzy model is used to represent and forecast
future dynamical behavior of a thermal-vacuum system in
space system qualification.

As result, PSOT technique has showed reduced computa-
tional cost by using a lower number of iterations to obtain
satisfactory results. Through fitness evaluation the PSOT with
25% probability of turbulence needs 86,7% less iterations
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Fig. 2. Simulation Results

Fig. 3. Real time response for PSO with 85% turbulence probability

to achieve best fitness, compared to original, classical PSO,
i.e., PSO without turbulence. Other PSO implementation
with probability of turbulence (5%, 10%, 25% and 30%)
obtained good results with higher convergence speed what
may be interesting, for instance, in real-time application. It
may be used in some sort of application where performance
is required but accuracy is not the main requirement.

Additionally, when comparing fitness, it is possible to
notice that PSO obtain the same best fitness value as PSOT
with turbulence (85% of probability).
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