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Abstract: This study investigates the linear approximation or piecewise linear approximation control surface
method for tuning variable parameter of Single Input Fuzzy Logic Controller (SIFLC) for depth control of the
underwater Remotely Operated Vehicle (ROV). This method will focus on slope of a linear equation to give
optimum performances of depth control without overshoot in system response and faster rise tune and settling
time. The variable parameter for signed distance method in STFLC tuning by Particle Swarm Optimization (PSO)
algorithm. The optimum parameter will be obtained and approximately no more variable parameter can be tuned
because the PSO algorithm will yield optimum parameter. This linear control surface approximation method
represents an inference engine of fuzzy logic. The investigation also done based on slope of linear equation
either in positive and negative values and come up from conventional FL.C that will simplify into STFL.C. The
results obtained the slope of linear equation will be affecting the results of system performances.
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INTRODUCTION

This research inspired from the Conventional Fuzzy
Logic Controller (CFLC), Multiple Inputs Single Output
(MISO) system will be simplified into Single Input Single
Output (S[30) system. Single Input FL.C (SIFLC) based on
the signed distance method and piecewise linear control
surface method (Ishaque et af., 2010). Figure 1 shows the
structure of SIFLC based on the signed distance method
proposed by Ishaque ef al. (2010). The SIFLC in
MATLAB Sinulink as shown m Fig. 2. The 2 pink circles
i Fig. 2 shows the variable parameter will be tuned by
Particle Swarm Optimization (PSO) algorithm. The studies
of PSO can refer to Jaafar et al. (2012), Kennedy and
Eberhart (1995). For CFL.C, the correlation between the
input and output also known, as the input and output
mapping is normally represented by a three-dimensional
plot, known as a control surface (). The control surface
15 useful for visual assessment and adjustment of the
three-dimensional matrix rules and also known as the
graphical representation of the combination affects the
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Fig. 2: Simplified single input FL.C in Simulink

FLC wvariables, such as the membership functions,
overlappimng percentage, fuzzification, mference engine
methods and defuzzification operator selections. Previous
researchers (Bin Mohd Aras et al., 2011, Feng, 2006) have
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shown that the control property of an FLC is highly
dependent on the shape of its control surface. The FL.C
behaves as a linear controller if control surface 1 reveals
a linear surface (Ishaque ef al., 2010) as depicted in Fig. 3.
As aresult, the controller is also known as a Linear Fuzzy
Logic Controller (LFLC). On the other hand, non-linear
FLC may come m various control surfaces 1 shape as
shown in Fig. 4a, b. Figure 4 1s the examples of non-linear
control surface. The membership functions, overlapping
percentage, fuzzification, inference engine methods and
defuzzification operator is a variables in general are
recognized as tuning parameters. Different settings of
tuning parameters yields different control surfaces which
by the FLC
(Farmwata et al., 2000). Clearly, the optimum tuning of

results in different control actions
these parameters is the most decisive issues faced by the
designers.

Table 1: Rule table for the example
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Fig. 3: Linear control surface of conventional FL.C
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For SIFL.C, the control surface can be easily reduced
to two-dimensional plot that means change into the SISO
control surface. This 18 a natural by a product of the
Signed Distance Method (SDM) which has reduced the
rules to a one-dimensional array as derived from Table 1
and piecewise linear approximation method. Therefore, it
15 possible to produce an effective control surface for
SIFLC without having to look into complex computations
coupled with fuzzification, rules inferences and
defuzzification processes. The main benefit of the signed
distance method 1s the considerable reduction m the
number of rules which mn tum mimmizes the computation
required and execution time. In fact, it is possible for non-
linear control surface to be approximated based on
plecewise linear. However before the piecewise linear
interpolation 15 employed, one has to ensure that the
process will not dispossess SIFLC from the nonlinear
properties of the conventional FL.C that have made it a
robust controller. The linear equation simpler to wmplement
inreal time system.

PIECEWISE LINEAR CONTROL
SURFACE FOR SIFLC

In this study, the construction of piecewise linear
control surface for SIFLC is described. The main research
1s to study and mvestigate the slope of the linear control
surface. Before that the fimdamental of piecewise linear
control surface should be considered. Firstly, operating
conditions for tuning parameters to approximate a linear
surface are studied. Once, the optimum operating
conditions are determmned, the generalized output
equation of linear swface is derived. From the output
equatior, it will be shown that the control surface shape
1s determined by the peak location of the input and output

Output
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Fig. 4: Examples of non-linear control surface of conventional FL.C: a) Control surface with low degree of non-linearity;
b) Control surface with high degree of non-lmearity
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membership functions. Finally, examples of different
piecewise linear control surface and its relationship to the
original FLC control surface will be described. For the
SIFLC control surface to be approximated to a piecewise
linear, several operating conditions of the tumng
parameters have to be met. These conditions are
unportant if the SIFLC 1s to preserve the non-linearity
capability of the fuzzy logic controller. They are
recognized, such as membership function used for input
and output sets, overlapping between membership
function, inference engine and defuzzification method
(Hasim et al., 2012; Aras et al., 2009). The effect of each of
these parameters on the shape of the control surface can
be qualitatively determined by trying different
combinations of input and output membership fimetions
under specific fuzzification, inference and defuzzification
operators. This method of analysis has been proposed by
Tantzen (1999). The fuzzy toolbox from MATLAR/Simulink
used, the resulting control surface of the controller when
subjected to different parameter conditions can be readily
obtained (Azis et al., 2012). First, the rules required by the
signed distance method as stated in Table 1. Recalling
that d is the distance input and uA is the output of STFL.C,
the 5 rules are:

o Rulel:IfdisL, thenuAis N
¢  Rule 2:If di1s L, then uA 1s N
¢ Rule3: IfdisT,thenuAis 7

¢  Rule4:Ifdis L thenuA 1s Py
¢ Rule5:Ifdis T thenuAis P_

For the rules inferences process, dot product
operator is chosen for AND operation. For OR operation,
the MAX operator is used. As for defuzzification process,
the Centre of Gravity (CoG) method is widely used due to
its sumplicity. These selections are arbitrary and it should
be noted that different selections of mference and
defuzzification operators give up somewhat different
results. As Tshaque et al. (2010), five different input and
output configurations are evaluated. The researcher
concluded that to obtain a linear control surface, the
triangles and singleton sets are to be used for input
output membership functions, respectively. ITn addition
the overlapping between the input adjacent sets must be
spaced at 50%.

DERIVATION OF OUTPUT EQUATION

Once the operating conditions to obtain the linear
control surface are determined, the output equation can
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be derived. The aim is to find the relationship between the
output equation of the surface and the peak location of
input and output membership functions (Hasim et af.,
2012). To derive the output equation, consider the input
and output memberships, the triangular and singleton sets
are to be used, respectively. The overlapping between the
input adjacent sets must be spaced at 50%. If L ,, L ,, L;, L,
and L, are the input membership functions and 3, 3., S,
S, and S, are the output singleton membership functions,
its rules inference can be written as:

* Rule2:IfdisL,then o 15 S,
* Rule3:Ifdis L, then 1, is S,
* Rule 4: If dis L, then 9 15 S,
s Rule 5:If dis L, then 1, 15 S,
s Rule 6: If dis I, then 4, is S,

The rules can be tabulated as shown in Table 2. Slope
of zero diagonal line A is equal to 1, as both membership
functions for input in Table 2 are same. The matrix rules
used in Ishaque et al. (2010) are 7x7 and will be simplified
into single mput as shown m Table 3. The seven input
rules will be simplified to five input rules. Based on
derivation from (Jaafar et al., 2012) the look-up (Table 4)
using Eq. 1 can be computed. By using Eq. 1, five input
values for corresponding seven diagonal lines in Table 5
are calculated:

oW Zeh 1)

NI

Table 2: The proposed reduced rule table using the signed distance method
d LNL LNS LZ LPS LPL
i N Ns Z Ps P

Table 3: The SISO rile table proposed by Tshaque et of. (2010}

LNL LNM LNS LZ LPS LPM LPL
d 07 (0466) (-0.233)  (0) (0.233) (0466) (0T
0, N Nag N; Z P; Py P
099 -0.66 -0.33 0 0.33 0.66  0.99

Table 4: The proposed reduced SISO rule table

d L (-0.7) Ly (-0.353)  L;(0)  Les(0.353) La(0.7)
a, N, N, z P, P
-0.99 -0.5 0 0.5 0.99
Table 5: Look up table parameter
Row d i
1 -0.700 -1.00
2 -0.700 -0.99
3 -0.353 -0.50
4 0.000 0.00
5 0.353 0.50
[ 0.700 0.99
7 0.700 1.00
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Table 6: The other proposed 8180 rule table

Lz Lys Lz Les L
d (-0.566) (-0.283) (V)] (0.283) (0.566)
u, N N z P, P
-1 -0.5 0 0.5 1
107 Series]
0.8 — Linear (Series1) y=0.2777x-1.1109
0.6 1
0.4 1
0.2 1
= 0.0
-0.24
-0.44
-0.6
-0.8
'1.0 T T T T T T 1

3 4 5
Control surface (d)

Fig. 5: Plotted graph using look-up table for a centrol
surface

-1.1109,

Constant

Fig. 6: Linear equation in MATLAB Simulink

For diagonal line I.,, d=0

For diagonal line L, d = -0.353
For diagonal line L, d =-0.7
For diagonal line Ly, d=0.353
For diagonal line Ly, d=0.7

The derived SISO table 1s given in Table 6 and 3.
Based on look-up table in Fig. 5, another method for
piecewise linear approximation using a linear equation.
The linear equation based on look-up table parameter and
also can obtain from experiment for open loop test for
depth. The results almost the same. The linear equation
simpler to implement inreal time application. Tn MATLAB
Simulink, the linear equation can be represented as shown
m Fig. 6. The MATLAB Simulink based on plotting linear
line in control surface.

Figure 7 shows the example of positives and
negatives linear equations. The difference between linear
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Fig. 7. Example of: a) Positives linear equation, b)
Negative linear equation

equation is the slope of linear line. In this study, the slope
of linear line also covered where several experiments
conducted to ensure the effect of slope in the system.

RESULTS AND DISCUSSION

Figure 8 shows single input fuzzy logic controller for
depth control of underwater remotely operated vehicle.
The details of design and specification can refer
Azis et al (2012) and Aras et @l (2012, 2013). This study
more on tuning process of SIFLC to give better
performances. The linear control surface approximation
method will be used. Figure 9 shows the system response
of the ROV system.

Figure 10 shows several experiments conducted
with different slope of linear equations. The negative
slope totally cannot be used. The signal output does not
follow the set point. The best slope of linear equations for
this system 1s 0.5 where gives the system performances
better than others. If the slope bigger, the system
response not good, chattering occurs. For depth control,
chattering even overshoot must be elimmated. As depth
control, clearly overshoot in the system response can
damage to both to the ROV and to inspections
environment, such as in cluttered environments. Figure 11
shows the best system response based on slope of linear
equations are 0.5.
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Fig. 8: Single input fuzzy logic controller for depth control of underwater remotely operated vehicle
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Fig. 9: The system response of ROV system based on linear equation
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Fig. 10: The different slope of linear equation tested: a) Slope = 0.2; b) Slope = 0.4; ¢) Slope =0.5; d) Slope = 0.6;
e) Slope = 0.8; f) Slope =-0.2
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Fig. 11: The system response of ROV system

CONCLUSION

According the results, the control surface to be
approximated as a linear or piecewise linear for tuning
variable parameter of Single Input Fuzzy Logic Controller
(SIFLC) for depth control of the underwater Remotely
Operated Vehicle (ROV) are successfully done. This
method will focus on slope of a linear equation to give
of depth
overshoot in system response and faster rise time and

optimum  performances control  without
settling time.

The
system 18 0.5 where gives the system performances better

than others. If the slope bigger, the system response not

best slope of linear equations for this

good, chattering occurs. For depth control, chattering
even overshoot must be eliminated.

A faster calculation is expected as fuzzification,
rules

mferences and defuzzification processes

eliminated to become SIFLC. Operating conditions

are

for the tuning parameters to produce a linear control
surface are determined and output equation of the
linear surface 1s derived. It has been shown that the
output 1s a function of peak location of mput and
output membership functions. By changing the peak
location, different control surfaces of piecewise linear
regions can affect the performances of depth control for
the ROV,
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