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Abstract. In this paper, Fuzzy-PID controller on nonlinear system identification models for
cylinder due to vortex induced vibration (VIV) has been presented well. Nonlinear system
identification models generated after extracting the input-output data from previous paper. The
nonlinear model consisted into three methods: Neural Network (NN-NARX) based on the
Nonlinear Auto-Regressive with External (Exogenous) Input, Neural Network (NN-NAR) based
on the Nonlinear Auto-Regressive and Adaptive Neuro-Fuzzy Inference System (ANFIS). The
work has been divided into two main parts: generating the system identification models to predict
the system dynamic behavior and using Fuzzy-PID controller to suppress the cylinder vibration
arising from the vortices. For system identification models, the best representation for NAR and
NARX models has been chosen depend on two variables which are Number of hidden neurons
(NE) and number of delay (ND) then using mean Square Error (MSE) to find the best model.
Whereas, calculating the lowest MSE when the ND equal to 2 and the value of NE ranging 1-11
then fixing NE which is giving the lowest MSE and calculating it when the ND ranging 1-11.
While, for ANFIS model the process consisted of find the lowest MSE at particular number of
membership function (MF) with two inputs and generalized bell shape as a type of MF. For the
second part, Fuzzy-PID used to attenuate the effect of vortices on the cylinder on the best
representation for all methods. However, the consequences presented that the lowest MSE of NAR
model equal 2.8452x10° when the NE = 6 and ND = 4. While the best model of the NARX method
recorded MSE = 1.2714x10” at NE and ND equal to 8 and 2 respectively. Also, the lowest MES
for ANFIS model recorded 2.5635x10""* when the MF equal to 2 for input and output. From
another hand, Fuzzy-PID controller has been succeeded to reduce the vortex induced vibration on
cylinder for all models but particularly on ANFIS model.

Keywords: nonlinear system identification, vortex induced vibration, fuzzy-PID controller.
1. Introduction

In offshore engineering, vortex induced vibration (VIV) is one of the most important
phenomena of the marine engineering designers for being the main reason for the failure occurs
in the structures exposed to a stream of water or air for many applications such as oil transportation
pipelines [1-2].

It is happen when the cylinder position being perpendicular with the flow direction which leads
to the vibration of the cylinder transversely go up and down due to the force formed by the vortices
behind the structure which leads to large damage especially when the vortex shedding frequency
locks to the natural frequency of the structures [3-4].

From previous papers, forces formed by the vortices that can be divided into two main sections
depend on the direction of the cylinder motion. If the vibrating cylinder toward cross flow
direction (Y axis), it is called lift force while if the cylinder vibrates toward inline flow direction,
it is called drag force (X axis) [5-6].

To avoid this trouble, there are three ways used in the history of the VIV phenomenon to
suppress the cylinder vibration which are: active, passive and semi active or semi passive vibration
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control. The first way depends on using actuators and sensors during from feedback loop. This
way considered the cheapest, most efficient and the most widely used at the present time [7]. The
second way depends on increasing the section area of the cylinder during from adding springs and
dampers while the last way depends on combine between active and passive ways like in the
suspension systems.

Nowadays, there are several strategies used to minimize the vibration caused by vortices as
one of the ways of using the active vibration method such as create the perturbation on the surface
of the cylinder [8], use boundary layer control technique [9] and finally using the rotary cylindrical
actuator on the body [10].

From the other hand, system identification one of the important way in industrial applications
such as fault diagnosis and machine monitoring to study the dynamic performance of the system
especially when the intended understanding the mathematical relationships between the input and
output signals of a physical system for modeling, control (dynamic specifications of control) and
prediction (prediction of commodities and expectation of energy load) Also, few papers studied
the VIV during from representation the behavior of the system by using system identification
methods and then using the controller in this application. The first endeavor was by Shaharuddin
and Mat Darus (2012) which used PID controller on the Least Square (LS) and Recursive Least
Square (RLS) as a linear system identification model by Shaharuddin and Mat Darus (2013) [11],
then comparison between ANFIS, LS and RLS models to represent the system [12] and recently
using Fuzzy-PID controller on RLS system identification model in this application by
Shaharuddin and Mat Darus (2013) [13].

This paper consisted of four main parts: firstly, data collection from prior papers. Secondly,
represent the models by using nonlinear Neural Network based on NAR, NARX and ANFIS
system identification methods. Thirdly, use Fuzzy-PID controller on the models and finally
validation and discussion the results.

2. Data collection

Data has been collected from previous researches by Shaharuddin and Mat Darus [12-13]
which are consisted of 33000 data for the input and output from accelerometers A and B during
the vibration of the cylinder in cross-flow direction by using water current flow inside the basin.
The experimental setup included of using miniature basin (3 m, 1.5 m and 1 m as a length, width
and depth respectively) in the laboratory of the Universiti Teknologi Malaysia. While the
cylindrical pipe has been made from aluminum and fully immersed inside the basin with
dimensions 50 mm and 1110 mm as a diameter and length respectively. The cylinder has been
supported by four springs to allow it to vibrate in cross flow only by using water pump strongly
3 hp as shown in Fig. 1. Two accelerometers (A and B) have been used to collect the input and
output data by using Data Acquisition (DAQ) National Instruments as shown in Fig. 2. The
accelerometer A represents the detected input data which put it in the direction of water flow while
the accelerometer B represents the observed output for system identification which put it in the
mid of the cylinder. Table 1 and shown the cylinder properties of the experimental setup and Fig. 3
shown the relationship between the amplitude and the time for the input and output data.

Concentrated Accelerometer B

Stream Flow, U—\

i

Accelerometer A

Fig. 1. Experimental setup model for the system [12-13
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Table 1. Obtained parameters [12-13]

Parameter Symbol | Value Unit
Cylinder diameter D 50 mm
Cylinder length L 1110 mm
Aspect ratio L/D 22.2 | Dimensionless
Cylinder mass m 2.95 kg
Mass ratio m* 1.18 | Dimensionless
Natural frequency in water fw 1.11 Hz
Damping ratio in water { 0.1007 | Dimensionless
System stiffness k 265.34 N/m

"

Fig. 2. Data acquisiti(;n (ﬁAQ) national instruments [12-13]
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Fig. 3. a) Data obtained for the input and b) the output for the system [12-13]

3. System identification

System identification used to create the transfer function or equivalent model for the linear and
nonlinear system from estimated data [14]. In this work, system identification model has been
used to generate the model during from product the dynamic behavior of the system by using
nonlinear methods which are: NN-NARX, NN-NAR and ANFIS models.

3.1. Nonlinear auto-regressive model (NAR)

It is one of the nonparametric algorithms used to predict the output model from experimental
work of actual output data. The equations of the method can be summarized as follows [15]:

-1
YO = % )
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where:

Az D =1+az7 + - +az7™ )
After neglecting the noise error & (¢) and substitute A(z™1) the equation above became:

y@© =flyt -1, ...yt —nyl, ©)

where n, represents to the previous output and f represents the nonlinear methods by using
intelligent ways such as Neural Network.

3.2. Nonlinear auto-regressive external input model (NARX)

It is one of the nonparametric algorithms used to predict the output model from experimental
work of actual input and output data. The equations of the method can be summarized as follows
[16]:

Y0 =522 uw + 2 @

where:

Az Y =1+a;z7 '+ +a,z™™ %)

B(z™Y) = by + byz™t + -+ bz~ 1, (6)
After neglecting the noise error & (£) and substitute A(z™1) the equation above became:

y@® =flyE =1, ...yt =—ng),  ult—m)ult—ne—n,+1)] (M

where n, and n,;, represent to the previous input output respectively. n;, reprsesnt the system delay
and f represents the nonlinear methods by using intelligent ways such as Neural Network.

3.3. Neural network time series

This process depends on two important parameters to create the nonlinear model. The first
parameter called number of hidden neurons (NE) while the second parameter called number of
delay which depends on number of input and output from the experimental work enters to the
system sequentially. Depend on Fig. 4, the process to find the output value by using neural
network can be specified during from calculating the hidden and output layers equations. Whereas,
for hidden layer:

Uy = Xy Wyq + XoWep + YiWes + YWy + by, (8
Vy = Xy Waq + XaWyp + YWz + YoWou + by, )
then:
1

— 10
fl 1 _I_f_vlt ( )

— 11
f2 1 + e_le ( )

where x4, x, refer to the actual input and y;, y, refer to the actual output data. wy1, Wy, Wy3, Wiy,
Wyq, Wop, Wy, Wy, refer to the weights of hidden layer. by, b, refer to the bias weights for
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hidden layer. v;, v, refer to the summation values for hidden layer. f;, f, refer to the final values
for hidden layer.

Input layer Hidden layer Cutput layer

Fig. 4. Neural network architecture

While the final equation for Neural Network Output layer:

U3 = f1W311 + fowz, + bs, (12)

fz= T (13)

where w34, ws, refer to the weights of output layer while bsrefers to the bias weights for output
layer. v5 refers to the summation values for output layer while f; refers to the final values for
neural network.

3.4. Adaptive neuro-fuzzy inference system (ANFIS)

One of the nonlinear system identification models depends on neural network (NN) and fuzzy
logic (FC) fundamentals to create the model. The aim of this method is to integrate the preferable
specifications for both methods (FC and NN) where from fuzzy logic: impersonation of the
previous knowledge into a group of constraints to minimize the optimization search domain while
from NN: Adaptation of back propagation for network structure to automate FC tuning. According
to the Fig. 5, a rule set for the system can be written [17]:

—1If (x4 is A;) and (x; is By) then f; = pyx; + q1x, + 14;

—1If (x4 is A,) and (x, is B,) then f, = p,x; + qx, + 1.

Input Rules + Norm THEN-Part Qutput

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5

CITiT
?
%

Layers

Fig. 5. ANFIS architecture

Based on to the ANFIS structure, 0, ; is the output for layers. Whereas i, is the output of the
node in I, layer [18]. Whereas, the objective for the first layer is to estimate the MF value for
premise parameter as shown in equations below:

O1i=12 = .UAl-(x1); (14)
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O1i=34 = HUB;_, (x2), (15)
where A refers to the linguistic label and the output for this layer is:

1
Hai(x1) = W- (16)
14224

14

While, the objective for the second layer is for firing strength of the rule and the output for this
layer is:

0zi=12 = W; = .uAl-(x1)-ﬂBi(x2)- (17)

Then, the objective for the third layer is for normalizing the firing strength for all rules and the
output for this layer is:

_ Wi
03; =w; = Tt (18)
1 2

While, objective for the fourth layer is to evaluate the Consequent Parameters and the output
for this layer is:

O4; = W;f; = wWy(pixy + qix, +17). (19)

Finally, the objective for fifth layer is to find the overall output process which is:

0= Y wfi= 2k 0)

3.5. Validation technique

In this paper, MSE technique has been used to validate from the system identification results
and this technique depends on the evaluation for actual and predictive output. The algorithm can
be specified [19]:

N
1
) =3 ) ¥ =9®?, e

where y(t) is the actual output and J(t) is the predicted output.
4. Self-tuning Fuzzy-PID controller (FPID)

One of the important controllers used to study the performance for the linear and nonlinear
model in this paper, FPIC controller has been used to control on the cylinder vibration caused by
VIV after obtaining the data from prior papers. The process has been included many parts.

4.1. FPID structure

PID parameters (K;, Kp and Kj) have been tuned depend on the heuristic method to get the
lower vibration for the cylinder. The effect of these parameters has been discussed from pervious
paper [20]. The input of FPID controller arisen based on the error (e) which referred to the value
between the desired reference and the output of the system and the variation of the error (é) which
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refereed to the derivative of error as shown in Figs. 6 and 7.

The control feedback loop has been used to compare between the input step reference () with
the output for the system after generating the models (NN-NAR, NN-NARX and ANFIS) by using
nonlinear system identification method. The input of Fuzzy control consisted of two inputs (error
and error derivative) in discrete time system to describe the nonlinear system accurately and three
output which represented the PID parameters.
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_|-’ —mid  Outt %m Outt >
/)C(\ >l Gain
| InE
Fuzzy Logic g
iy Controller Subsystemn1 Subsystem cope

Cutt

Fuzzy Logic
Conroller

Constant

Gainl Disoete-Time
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4.2. Fuzzification
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Fig. 8. Input and output intervals for fuzzification

Triangle shapes for MF have been used for the input and trapezoidal shapes for the output of
Fuzzy controller because of its very common for previous papers [21]. Different intervals used for
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the input and output of FPID controller depends on the type of model. Where for NN-NAR model
the interval for the (e) and (é) ranged [1, 1.6] while the interval of the output ranged [0, 0.4] for
K;, [-1, 1] for Kp and [-0.4, 0.3] for K. For NN-NARX model the interval of the (e) and (&)
ranged [-1.5, 1.5] while the interval for the output ranged [-10, 10] for K;, [-5, 5] for K and
[-0.4, 0.4] for Kj. Also, for ANFIS model the interval of the (e) and (é) ranged [-1, 0.5] while
the interval for the output ranged [10, 200] for K;, [-1, 1] for Kp and [-1, 1] for K as shown in
Fig. 8. Also, large positive (LP), small positive (SP), zero (ZE), large negative (LN) and small
negative (SN) was the linguistic descriptions for the controller.

4.3. Rule-base

Generally, it’s important to find the suitable rules to improve the system performance. The
Fuzzy control form for the rule set is:

Ry if refers A; and é refers B; then Kp refers Cjj, K, refers D;; and K, refers E;j. Where, the
Ry is the condition for fuzzy control while A; refers to the error for fuzzy set and B; refers to the
change of error for fuzzy set.

Five linguistic descriptions has been used for the both input of fuzzy control which resulted 25
rules for the outputs as shown in Table 2 [22].

Table 2. Fuzzy controller rule set

Parameters Error
K;, Kp and K, LN | SN | ZE | SP | LP
LN |LN | LN | SN | SN | ZE
LS|LN|LN|SN | ZE | SP
Variation of error | ZE | SN | SN | ZE | SP | SP
SP | SN | ZE | SP | SP | LP
LP | ZE | SP | SP | LP | LP

4.4. Defuzzification

The aim of this process is to convert the linguistic variables to the classic or crisp outcomes.
Min and max methods have been used for and or method respectively while min operator chosen
for implication method and center of gravity method used as defuzzification process because of
this method considered most prevalent from the physical side [23].

5. Obtained results and discussions
5.1. System identification for NN-NAR and NN-NARX models

In this work, 33000 input and output data have been used to create the model which divided
into three parts: 32100 for training, 4950 for validating and 4950 for testing. The process for these
methods consisted of two portions to find the best model to represent the system. Firstly, calculate
the lowest MSE for NN-NAR and NN-NARX models when the ND = 2 and NE ranged 1-11
neurons. Secondly, calculate the lowest MSE for the best case from first step with different ND
which ranged 1-11.

According to Tables 3 and 4, the lowest MSE for NN-NARX model has been recorded
1.2714x10° at NE = 8 and at ND = 2 while the lowest MSE remained at same value when NE
fixed at 8 with different ND. Fig. 9 appeared the amplitude and the error values with time.

According to Tables 5 and 6, the lowest MSE for NN-NAR model has been recorded
6.6542x10" at NE = 6 and at ND = 2 while the lowest MSE recorded 2.8452x10~ when NE fixed
at 6 and ND = 4. Fig. 10 appeared the amplitude and the error values with time.
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Table 3. Mean square error for NARX model at number of delay 2

NE | MSE for training | MSE for validating | MSE for testing | MSE overall
1 7.06994x1077 7.03911x1077 7.30382x107 | 7.1048x107
2 1.51825x107 1.46421x107 1.63488x107 1.5353x1077
3 2.51148x10° 2.53456x107° 2.49492x10° | 3.2278x107°
4 2.25323x108 2.10880x108 2.24574x10% | 2.2795x10°8
5 1.90786x10 1.88947x10° 1.91908x10° | 2.2781x10°
6 2.33170x108 2.42179x108 2.39115x10® 2.4056x108
7 8.42986x10°® 8.52992x10® 8.58115x108 8.5672x10°®
8 4.7337x1071° 4.7219x10°1° 4.7699x10°1° 1.2714x107°
9 3.27642x10° 3.31040x10” 3.41665x10° | 4.0278x10”°
10 6.28938x10°° 6.58235x10° 6.65887x10° | 6.7772x10°
11 1.60514x10-8 1.62700x10-® 1.75777x10°8 1.6682x108

Table 4. Mean square error for NARX model at number of hidden neuron 8

ND | MSE for training | MSE for validating | MSE tested | MSE overall
1 1.2692x10# 1.2709x10# 1.3011x10® | 1.3078x10®
2 4.7337x1010 4.7219x1010 4.7700x1071° | 1.2714x10”
3 2.3379x1010 2.2933x1010 2.3540x1071° | 1.3273x10”
4 6.0016x10" 6.0448x1077 5.9680x107 | 6.4521x10°
5 1.8549x108 1.8502x108 1.8931x10% | 1.9537x10®
6 3.0966x108 3.1253x108 1.0954x10% | 3.2182x108
7 3.3785%108 3.6127x10°8 3.4293x10% | 3.4956x108
8 1.3636x10” 1.3966x10" 1.3686x10° | 2.8229x10”
9 2.0855x107° 2.0098x107° 1.9893x10° | 3.7473x10°
10 2.7858x107° 2.7113x10° 2.8606x10° | 2.8790x10®
11 7.7023x107° 7.7061x107° 8.0669x10° | 8.9183x10”

Table 5. Mean square error for NAR model at number of delay 2

NE | MSE for training | MSE for validating | MSE tested | MSE overall
1 1.21865x10% 1.23348x108 1.47379x10% | 1.3618x108
2 4.69192x1077 4.44050x1077 5.13385x107 | 4.7309x107
3 6.160202x108 6.42999x108 6.11500x10% | 6.2567x10®
4 2.95893x107 2.89721x107 3.12913x107 | 2.9778x1077
5 1.01116x108 1.02313x108 1.00981x10® | 1.0532x108
6 5.82502x10° 5.97741x10” 5.76880x10 | 6.6542x10°
7 9.52759x108 8.19346x10® 1.00706x107 | 9.4854x108
8 7.40069x107° 6.37130x10° 6.98316x10° | 7.7572x10°
9 2.54389x108 2.79919x108 2.74169x108 | 2.9366x108
10 1.45673x108 1.48914x108 1.48435x10% | 1.6209x108
11 9.78359x108 8.76832x107® 9.03277x10% | 9.5864x108

Table 6. Mean square error for NAR model at number of hidden neuron §

ND | MSE for training | MSE for validating | MSE tested | MSE overall
1 1.43914x107 3.98960x107 3.99911x107 | 4.0290x1077
2 5.82502x107° 5.97741x10° 5.76880x10° | 6.6542x10°
3 3.47933x10° 3.43426x10° 3.52902x10° | 4.1027x10°
4 9.78777x10-1° 9.78197x101° 9.87599x10°1° | 2.8452x107
5 1.04383x108 1.03251x108 1.04343x108 | 1.1098x10-8
6 5.04420x107° 4.97154x10° 4.94863x10° | 6.3538x10°
7 4.52312x108 4.65865x108 4.73918x10% | 4.7095x10-8
8 7.65045%107° 7.90956x10° 7.81632x10° | 8.8763x10°
9 1.84328x107 1.87072x107° 1.81564x10° | 3.0986x10°
10 7.23659x108 7.55279%10°8 7.30517x10% | 7.3678x10%
11 1.37098x10-8 1.21062x10-8 1.32999x10® | 1.4201x10®
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Fig. 9. a) Relationship between the amplitude and b) error with time of NN-NARX model
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Fig. 10. a) Relationship between the amplitude and b) error with time of NN-NAR model

5.2. System identification for ANFIS model

Five steps have been used to produce the ANFIS system identification model which is: firstly,
use two inputs for the model as shown in Fig. 11 after selecting 15000 data for training and 18000
data for testing as shown in Table 7. Secondly, specify [2, 2] as a number of MF and generalized
bell shape as a type of MF. Thirdly, create the Fuzzy model. Fourthly, specify the tolerance and

epoch numbers to create the ANFIS mode and finally evaluate the system.

rule outputmf output

Table 7. ANFIS information

ANFIS information Values
Linear parameter number 4
Nonlinear parameter number | 12
Total parameter number 24

i Training number 15000
Checking number 18000

Fig. 11. ANFIS architecture

According to Fig. 12, the results shown that the lowest MSE recorded 2.5635x107'3. That’s
mean; the ANFIS model was the most accurate prediction of the dynamic response of the system

from other models.
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Fig. 12. a) Relationship between the amplitude and b) error with time of ANFIS model
5.3. FPID controller for NN-NAR, NN-NARX and ANFIS models

FPID controller has been used to study the performance of the controller to suppress the
cylinder vibration in marine application which it’s caused by vortex induced vibration after
generating the mathematical models by using nonlinear system identification methods which
consisted of three types: NN-NAR, NN-NARX and ANFIS models.

The structure of the controller for all models has been included two inputs and three outputs.
According to the Figs. 13, 14 and 15, the results shown that the best attenuation of VIV on the
cylinder is when it used FPID controller on the ANFIS model. Also, FPID controller on
NN-NARX has been succeeded to reduce the vibration on the cylinder while the FPID controller
on NN-NAR has been bit suppression on the cylinder and this result was not unsatisfactory.
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Fig. 13. FPID controller performance on NN-NAR for: a) the amplitude and b) the error
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Fig. 14. FPID controller performance on NN-NARX for: a) the amplitude and b) the error
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Fig. 15. FPID controller performance on ANFIS for: a) the amplitude and b) the error
6. Conclusions

FPID discrete time controller has been used to suppress the VIV on the pipe cylinder which it
represented by using three nonlinear system identification models which are: NN-NAR,
NN-NARX and ANFIS models. Firstly the ANFIS model has been recorded the lowest
MSE =2.5635x10"'3 when the number of input equal 2 and number of MF = [2, 2] with generalized
bell shape. Then, NN-NARX model recorded MSE = 1.2714x10" at NE and ND equal to 8 and 2
while, NN-NAR model recorded MSE = 2.8452x10"° when the NE = 6 and ND = 4. The second
step has been included using FPID controller on the three models to get the best suppression in
the cylinder in marine engineering applications. FPID controller on ANFIS model has been
recorded the best suppression from other model. Also, FPID controller on NN-NARX model has
been succeeded to suppress the effect of VIV while the FPID controller on NN-NAR has been bit
suppression on the cylinder and this result was not unsatisfactory
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