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Abstract: Kriging-based genetic algorithm (GA) was employed to optimise the
parameters of the operating conditions of plasma actuators (PAs). In this study,
the lift maximisation problem around a circular cylinder was considered. Two
PAs were installed on the upper and the lower side of the cylinder. This
problem was similar to the airfoil design, because the circular has potential to
work as airfoil due to the control of flow circulation by the PAs with four
design parameters. The aerodynamic performance was assessed by wind tunnel
testing to overcome the disadvantages of time-consuming numerical
simulations. The developed optimisation system explores the optimum
waveform of parameters for AC voltage by changing the waveform
automatically. Based on these results, optimum designs and global design
information were obtained while drastically reducing the number of
experiments required compared to a full factorial experiment. An analysis of
variance and a scatter plot matrix were introduced for design knowledge
discovery. According to the discovered design knowledge, it was found that
duty ratios for two PAs are an important parameter to create lift.
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1 Introduction

Plasma actuators (PAs, shown in Figure 1) are flow control devices that utilise
atmospheric pressure discharge (Matsuno et al., 2012, 2008, 2009, 2010); they have
gained attention in recent years, because their advantages of being fully electronically
driven with no moving parts and having a simple structure and a fast response are
potentially ideal for application to subsonic flow control. In Matsuno et al. (2008), the
drag around an airfoil can be reduced with installing PAs on the airfoil. In Thomas et al.
(2008), the aerodynamic noise from the cylinder model could be reduced by PAs. Thus,
PAs have remarkable benefits for the future aircraft design. Such active flow control
devices have also potential to control of the circulation around arbitrary objects and
produce the lift-creating object even if it is not airfoil geometry.

In this study, the design problem is defined as the optimisation of lift creation via
flow circulation controlled by the PAs. A circular cylinder model is used as a model and
two PAs are installed. A genetic algorithm (GA)-based efficient design technique was
employed with wind tunnel testing to efficiently find the optimum designs. Through the
design case, the applicability of the present wind tunnel testing to the multi-parameter
design problem was also investigated.

Design problems are often solved by GAs based on numerical simulation, such as
computational fluid dynamics (CFD) (Kanazaki et al., 2004; Sato et al., 2013). However,
there are several difficulties with solving the flow field around PAs. First, the accuracy of
existing simulation methods is still insufficient. Second, the computational cost is very
high for design techniques such as GAs. Several days are needed to acquire the results for
each case, whereas the actual flow physics finishes in a few seconds.
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To reduce the experimental cost, kriging surrogate model was applied to represent the
input/output relationship in the experimental data. This optimisation technique, which is
called efficient global optimisation (EGO) (Jones et al., 1998; Jeong et al., 2005), enables
the optimisation of global parameters in a small number of experiments while
simultaneously obtaining information on the design space. The EGO-based on Kriging
surrogate model can find efficiently near global optimum. The EGO-based optimisation
is applied to the design problem which employs time-consuming simulation (Kanazaki
et al., 2013a, 2013b). The EGO is also used to find the optimum installation condition of
the nacelle chine which installed on the engine nacelle to improve low speed performance
of an aircraft in the large scale wind-tunnel (Kanazaki et al., 2008). In Kanazaki et al.
(2008), design tables were manually updated because model geometries and
configurations were also changed manually.

In authors’ first attempt (Kanazaki et al., 2014) for PA optimisation, Kriging
surrogate model-based GA performs optimisation during a wind tunnel experiment in real
time. The design system is automated developing the interface between the optimisation
and the wind tunnel testing. Using developed the wind tunnel evaluation-based
optimisation system, the drag reduction around the semi-circular cylinder has been
conducted with two parameters. In the authors’ study (Kanazaki et al., 2015), the design
methodology is applied to more complex design problem, that is that the lift creation via
flow circulation controlled by the PAs. In Kanazaki et al. (2015), the optimum design
space has been investigated. In this study, the lift creation circular cylinder by PAs is
considered to acquire the PA conditions which provide higher lift based on modified
design space defined by the design information by previous study. The applicability of
the developed system to the multi-parameter design problem was also investigated.

Figure 1 Schematic of plasma actuator
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In this research, PAs consisting of an exposed electrode and insulated electrode (Matsuno
et al., 201) were used. A non-conductor was placed between the two electrodes, andAC
voltage was applied. Figure 1 shows the setup; this type of PA is called a single dielectric
barrier discharge (SDBA) PA. The flow around the PA can be controlled by changing the
number and location of PAs and the waveform of the AC voltage. Thus, the optimal
technique for solving the design problem has to handle many parameters to acquire the
best flow control.
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Generic home-style AC voltage has a waveform with a constant frequency. However,
several studies have reported that pulse width modulation (PWM) is effective for flow
control of PAs. PWM is a drive system that turns the AC voltage on or off, as shown in
Figure 2. The frequency of on/off is defined as the ‘modulation frequency’ and is
expressed by following equation:

oot = % [Hz] (1)
1

where T; is the time of one cycle. The duty ratio Deye, which is an important parameter
for PWM, is expressed by the following equation:

Deyele = 100% [%] 2
1

where 75 is the time the AC voltage is on. In this study, f,,« Was generated from the base
frequency f, as follows.

fo

201, [Hz] 3)

fmod =

Equation (3) shows that 7 is defined by multiples of the time of base frequency 1 / f,.
Namely, fmod is determined by x,. In this study, x, and Dgy. were considered to be
design variables.

Figure 2 Power supply by means of PWM

L,

T,

3 Design method: EGO

3.1 Efficient global optimisation

The optimisation procedure (Figure 3) for PA design based on the wind tunnel evaluation
consists of the following steps. First, N design samples are selected by Latin hypercube
sampling (LHS) (Jones et al., 1998; Jeong et al., 2005; Kanazaki and Jeong, 2007;
Kanazaki et al., 2008), which is a space filling method, and then assessed for the
construction of an initial Kriging surrogate model. Second, an additional design sample is
added, and the design accuracy is improved by constructing a Kriging model based on all
N + 1 samples. Note that the additional sample is selected by using expected
improvement (EI) maximisation (Jones et al., 1998; Jeong et al., 2005; Kanazaki and
Jeong, 2007; Kanazaki et al., 2008). GA is applied to solve this maximisation problem.
This process is iterated until the improvement of the objective functions becomes
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negligible. Through the design procedure proposed in this paper, all samples are
evaluated by the wind tunnel testing. Each technique of the optimisation procedure is
described in detail in the following sections.

Figure 3 Optimisation procedure based on wind tunnel evaluation
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3.1.1 Kriging model

The kriging models express the value y(x;) at the unknown design point x; as
y(xi)=p+e(x) (=12,...,m) (4)

where m is the number of design variables, u is a constant of the global model, and €(x;)
represents a local deviation from the global model. The correlation between e(x;) and €(x;)
is strongly related to the distance between the corresponding points, x; and x;. In the
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Kriging models, the local deviation at an unknown point x is expressed using stochastic
processes. Specifically, a number of design points are calculated as sample points and
then interpolated using a Gaussian random function as the correlation function to estimate
the trend of the stochastic process.

3.1.2 Expected improvement

Once the models are constructed, the optimum point can be explored using an arbitrary
optimiser. However, it is possible to miss the global optimum design, because the
approximate model includes uncertainty. Therefore, this study introduced EI values as the
criterion. This study solves the lift maximisation problem, then EI for maximisation
problem can be calculated as follows.

ELI0] = (o =)0 220 g S =T o

N

where fi.x is the minimum values among sample points, s is root mean square error
(RMSE) and y is the value predicted by equation (4) at an unknown point x. ® and ¢ are

the standard distribution and normal density, respectively. EI considers the predicted
function value and its uncertainty, simultaneously. Therefore, by selecting the point
where EI takes the maximum value, as the additional sample point, robust exploration of
the global optimum and improvement of the model can be achieved simultaneously as
shown in Figure 5 because this point has a somewhat large probability to become the
global optimum. In this study, the maximisation of EI is carried out using GA expressed
as following section.

3.1.3 Genetic algorithm

GAs [Figure 5(a)] was first proposed by Holland in the early 1970s (Holland, 1975) and
are based on the evolution of living organisms with regard to adaptation to the
environment and the passing on of genetic information to the next generation. GAs can
find a global optimum because they do not use function gradients, which often lead to an
exact local optimum. Thus, GA is a robust and effective method that can handle highly
nonlinear optimisation problems involving non-differentiable objective functions. Owing
to this advantage, GAs was applied to this experimental system. The GA used in this
study (Kanazaki et al., 2004) utilises a real-coded representation, the blended crossover
(BLX-@), and the uniform mutation. The selection probability of individuals for the
crossover and mutation is expressed as follows.

prob =c(1-c)rank1-1.0 (6)

where rank is the value of fitness ranking among the population.

In BLX-¢a, children are generated in a range defined by the two parents as shown in
Figure 5(b). The range is often extended equally on both sides as determined by the
parameter c.

The developed system uses GA with an island model [Figure 5(c)], which is a
distributed population scheme (Kanazaki et al., 2004; Hiroyasu et al., 2000); it has a
mechanism for global searching to avoid convergence at local optima. This model divides
the population into sub-populations called islands. To retain a high degree of diversity
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and avoid early convergence, some individuals in each sub-population are moved to other
sub-populations (migration) every k generations.

Figure 5 Schematic illustration of GA with the distributed scheme, (a) flowchart of GA
(b) BLX- (¢) island model
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3.2 Knowledge discovery techniques

3.2.1 Functional analysis of variance

A functional analysis of variance (functional ANOVA) which is one of the multivariate
analyses is carried out to differentiate the contributions to the variance of the response
from the model. To evaluate the effect of each design variable, the total variance of the
model is decomposed into that of each design variable and their interactions. The
decomposition is accomplished by integrating variables out of the model y. The main

effect of design variable x; is as follows.
(%)= J-‘-'J.ﬁ(xl,m,xn Yy, - iy, i Xy — )

where the total mean y is calculated as
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,uEj"'jﬁ(xl,"',xn)dxl,"'dxn (8)

The proportion of the variance attributed to the design variable x; to the total variance of
the model can be expressed as:

ey
o [ lptax) -l an--ax,

The value obtained by equation (9) indicates the sensitivity of an objective function to the
variance of a design variable.

)

3.3 Scatter plot matrix

The solution and the design space of the multivariable design problem obtained by EGO
are observed by the scatter plot matrix (SPM) which is one of the data mining, because
the Kriging model cannot be visualised directly when the design problem has over four
attribute values. SPM arranges two-dimensional scatter plots like a matrix among the
objective functions and the design variables and facilitates the investigation of the design
problem investigation. Each of the rows and columns is assigned attribute values such as
design variables, objective functions, and constraint values. The diagonal elements show
mutual same plots. Therefore, it can be said that the SPM shows scatter plots on the upper
triangular part of the matrix and the correlation coefficients on the lower triangular part
as additional information. Interactive Scatter Plot Matrix (iSPM) ver. 2.0 (Oyama, 2011)
developed in Japan Aerospace Exploration Agency is employed in this study.

4 Experimental setup

4.1 Wind tunnel and model

The wind tunnel experiments were conducted in the subsonic closed-return wind tunnel
of the Aerodynamics Laboratory at Tottori University. The wind tunnel has a closed test
section with a 0.70 m x 1.0 m cross-section and 2.0 m length (Figure 6). A
two-dimensional circular model (105 mm in diameter) was used as shown in Figure 7.
Model was placed on a flat plate and mounted to a support connected to a six-component
external balance for measurement of the aerodynamic forces and moments. The output of
the balance was amplified and acquired with a data acquisition board (National
Instruments PXI-8106). The output signal contains noise from the atmospheric discharge
of the plasma actuators. To eliminate this effect, the clean portion of the signal, during
which the discharge did not appear, was extracted and used as a ‘clean’ portion of the
data.
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Figure 6 Test section of the wind tunnel

4.2 PA and its power supply

In this study, two PAs were installed on the surface of the model. PA#1 and PA#2 were
installed with mount angles of 81 = 85.0° and 62 = —85.0°, respectively, as shown in
Figure 7. The reference waveform of a high-voltage AC input was amplified by a
solid-state high-power amplifier; the input power was increased up to 400.0 W with
amplitude of 70.0 Vpp. A high-voltage transformer was used to achieve an AC input with
amplitude of up to 30 kV at a frequency of 5.0-15.0 kHz. The voltage and current of the
AC input were monitored by an oscilloscope along with the reference waveform.

Figure 7 Circular cylinder model and the location of plasma actuators (see online version
for colours)
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Balance

4.3 Integration of experiment system

Figure 8 shows the schematic illustration of the developed system. EGO is executed in
the workstation and receives the experimental data via LabVIEW® from the balance in
the wind tunnel. The condition of the AC voltage can be automatically set during the
optimisation process based on balance measurements.



54 M. Kanazaki et al.

Figure 8 Schematic diagram of the integrated optimisation system
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5 Formulation

In this study, multi-parameter design problem which has four design variables was
considered and the lift creation effect due to circulation control by PAs was investigated.
The objective function was maximisation of the lift coefficient (C)) around the circular
cylinder model. This design problem can be expressed as follows.

Maximise C; (10)

The flow velocity was set to 10.0 m/s. Equation (5) can be written for the present design
problem as follows.

Eley = (Clyay _JA/)(D(M)JFW(MJ (11)
s s
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where Cl,x is the maximum values among sample point.

The design problem expressed in equation (10) was solved by changing four
parameters (Xm, Deyclel, Deyelez, ) related to the AC voltage waveform. In this case, two
PAs are applied different Deycie; Deyeler and Deyeieo, for each design and the difference
between Deycie1 and Doy 18 decided by a phase difference ¢. The design space is defined
as follows.

30.0 < finod <200.0 [Hz]
0.0 < Dyyerer < 50.0[%]
0.0 < Dyyerer <50.0 [%]
~90.0 < ¢ < 90.0 [deg.]

(12)

¢ is the phase difference between PA#1 and PA#2. Consequently, the time lag can be
expressed as @ = froq-

6 Results

6.1 Design exploration result

In this section, the design problem expressed by equation (10) is discussed. To construct
the initial Kriging model, 15 samples were obtained by LHS. To acquire additional
samples, the island GA was executed with the following specifications: BLX-0.5
(a = 0:5), four subpopulations, 16 individuals for each subpopulations (64 individuals
generated in total) and 64 generations. The EGO process will be stopped after five or
more additional samples show better function value than that of initial samples (Kanazaki
et al., 2008, 2013a, 2013b).

After the objective function was converted, 16 additional samples were obtained, for
a total of 31 sample designs. Figure 10 shows the history of C| values for the sampling
process. According to the history, the objective function converged well.

Figure 10 Progression of objective function with sample number for the lift maximisation
problem (see online version for colours)
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6.2 Design knowledge by analysis of variance

Figure 11(a) shows the main effects and the two-way interaction of the design variables
for objective function in this design problem. According to Figure 11(a), Deycie2, Which
defines the duty ratio for PA on the lower side of the cylinder, has a predominant
influence on C;. In addition, main effect of Dy and two-way interaction of
Deyeiel — Deyerer are effective to Cy. These results suggest that the circulation which creates
aerodynamic lift around the model is decided by duty ratio. On the other hand, x,,, and ¢
do not have influence in this analysis.

Figure 11 Functional ANOVA results, (a) the main effects and the two-way interaction effect of
design variables of the design variables for objective function (b) variance of C, by
design variables (see online version for colours)
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Figure 11(b) shows variances by design variables calculated by equation (7). (The
horizontal axis is normalised design variables by minimum/maximum variables in design
space, dvs,om.) According to Figure 11(b), it is found that C; shows higher when
normalised Dqyce; 18 approximately 50% and 100%. It suggests that such duty ratio can
accelerate the flow on the upper side of the model and create suction. High duty ratio
requires high electronic energy, because the energising time is higher. Thus, if the lower
driving cost is required, the designer should select 50% normalised Dgycie1. C; also shows
the highest value when normalised Dy, is approximately 0%. The flow on the lower
side should not be accelerated by the PAs volume force, because high pressure on the
lower side is required to create the lift. While 0% normalised Dyycie> achieves higher C,, it
is also remarkable that the C; is multi-modal along normalised Deygje.

6.3 Visualisation of design problem by SPM

Figure 12 shows the visualisation results obtained by SPM. According to Figure 12(a),
which shows the scatter plot for all parameter combinations, Dy of the additional
samples which achieve higher C; always became lower. This result agrees with
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Figure 12(b). On the other hand, there were no unique values of x, and Dcye; that
maximised C). It suggests that the PAs can work well for the upper side (suction side)
compared with the lower side (pressure side).

Figure 12(b) is the response surface for C; regarding Deycer and Deyeier, Which are
effective design variables from Figure 11(a). Figure 11 corresponds to a matrix element
which is the second row and the third column of Figure 12. The global trend can be
visualised using the model shown in Figure 12(b); that is, a lower D¢yie> can potentially
yield a higher C;. In addition, D¢yie1 should be approximately 22% to increase C,. With a
such higher Deycie1, a higher total energy for the AC voltage is required for PA#1. This is
reasonable as a higher D1 induces greater acceleration of the flow on the upper side of
the model, that is, the suction side. Furthermore, C| can be increased with this range while
the total electrical energy is relatively low because lower Dcye1 (approximately 40%)
also achieves high C). This suggests that the PAs can control the flow for lift creation
with minimal electrical energy and proper PWM driving conditions.

Figure 12 Visualisation of the lift maximisation problem using SPM, (a) scatter plot of all
parameters (b) response surface regarding Deycier and Deycie2, coloured according to C;
(b) the horizontal axis is normalised design variables by minimum/maximum variables
in design space, dvs,om (see online version for colours)
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7 Conclusions

Aerodynamic control performance of plasma actuators was optimised using wind
tunnel test-based EGO. In this study, the lift-creating cylinder using plasma actuators
is considered. This problem was that the circulation around a circular cylinder model
was controlled to maximise the lift around the model. The optimisation technique is
firstly integrated in the operating system of the wind tunnel experiment to enable
automation of the data acquisition/optimisation process. Using the developed system, lift
maximisation problems were solved. After several additional samples are obtained, the
analysis of variance and the parallel coordinate plot is employed for the knowledge
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discovery. Using these techniques, it is found that duty ratios for two plasma actuators
have the dominant effect for this problem. It is also found that the lower duty ratio is
required for the plasma actuator installed on the lower side of the cylinder and the
response of the lift coefficient along the duty ratio of the plasma actuator installed on the
upper side is the multi-modal.
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