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In the present investigation, the principles of dynamic morphing of smart truss structures and mechanisms are discussed. A possible way in order to find the optimal geometry of the structure for the enhancement of structural performance in terms of vibration control is sought. The vibrations of the host dynamic structures are monitored by controllers which are based on the principles of Mamdani-type fuzzy inference and Sugeno-type adaptive neuro-fuzzy inference. More specifically, the objective of the present study is a design, tuning, and an application of robust intelligent control mechanisms by means of the suppression of structural vibrations for several types of excitation forces. The proposed models are discretized by using a finite element method. For the time integration of the equations of motion, the Newmark-β method is used. The calculations and the analysis are conducted within the Matlab environment by using the Adaptive Neuro-Fuzzy Inference System (ANFIS) tool, which is included in the fuzzy toolbox. The controllers are tested with different excitation forces applied on a truss-shaped structure. The control outputs are applied on each time of the simulation in order to achieve the lowest possible deformation and to prevent potential damage or corruption of the structure. The same principles are used for the dynamic morphing of structures and mechanisms. The proposed formulation can be applied, among many others, on smart irrigation systems such as spray booms, on radio-telescope bases, on the spars of smart wings, on aircraft wings etc.

Keywords: truss structures, computational model, numerical simulation algorithm, fuzzy control, neuro-fuzzy control, dynamic morphing

INTRODUCTION

In real-life applications, oscillations and possible damage of structures are caused due to several excitation forces. In this direction, a design engineer should put effort on the development of an optimal control system which minimizes the probability of damage occurrence and therefore the financial cost. Mathematical classical control methods usually provide satisfactory results in case of linear laws under certain conditions, while non-linear controllers based on fuzzy and neuro-fuzzy logic techniques are applicable to non-linear problems.

Smart structures incorporate some control strategies in order to reduce disturbances. There are several techniques intended for suppression vibrations. A review of active structural control is done by Korkmaz (2011). In the paper of Fisco and Adeli (2011) hybrid control strategies, active and semi-active vibration suppressions are discussed. The active control with using the continuous elements for a two-cell planar truss is done by Kevorkian and Pascal (2003). The paper of Preumont et al. (1992) summarizes a research in the field of active damping of space structures including trusses. The truss structure is provided with two active elements that can be placed in various locations. In the work of Lin and Zheng (2012) a neuro-fuzzy system is applied for an optimal design of structures and online fuzzy control is described by Xu et al. (2016).

In the present paper, in order to suppress vibrations of a two-dimensional truss structure two different control approaches are proposed. The first one is based on fuzzy logic approach and another one is based on neuro-fuzzy inference. The same ideas can be realized in dynamic morphing problems. Some approaches, other than fuzzy, have been also elaborated for the control of disturbances in radio-telescopes [see among others (Jiménez-Garcia et al., 2000; Su et al., 2003)]. The application of fuzzy techniques allows quick and effective control of the oscillations of structures. A general survey on industrial applications of fuzzy control in different fields of engineering is given in the work of Precup and Hellendoorn (2011). Adaptive control schemes with fuzzy logic are described by Zeinoun and Khorrami (1994).

The term morphing is used in order to describe a broad range of components which adapt to planned and unplanned requirements of structures such as smart wings of aircrafts. This adaptation usually includes the change of shape in real-time, e.g., during in-flight operation [see among others (Paradies and Ciresa, 2009; Weisshaar, 2013)]. The morphing of aerospace vehicles and structures is discussed in the book of Valasek (2012). Smart materials such as shape memory alloys (SMA), piezoelectric actuators (PZT), and shape memory polymers (SMP) are used in this direction (Sofla et al., 2010). A morphing wing considering both shape memory alloys (SMAs) and macro-fiber composites (MFCs) on the trailing edge is presented in the work of Scheller et al. (2016). Feedback is also used for dynamic morphing of piezocomposite actuated structures, such as flexible wings as described in the recent work of Wang et al. (2018).

For the present investigation, a dynamic mechanical model, based on finite elements, is constructed. The Newmark method is employed for the numerical integration of the obtained system of equations, which are known from dynamics as the equation of motion. The fuzzy controller is developed based on a Mamdani-type fuzzy inference system, and the neuro-fuzzy controller is based on a Sugeno-fuzzy inference system. The learning process is performed within the ANFIS tool of Matlab, using training data from the host structure. The input data are the displacement and the velocity of a suitably selected node of the structure, while the output is the control force which needs to be applied on the structure. The computational schemes using fuzzy inference systems of Mamdani-type have been proposed before for smart beams by Tairidis et al. (2009) and for plates by Muradova and Stavroulakis (2013, 2015), respectively. Adaptive neuro-fuzzy control has been used for suppression of vibrations of smart structures like beams and plates by Stavroulakis et al. (2011) and Muradova et al. (2017). Some other optimization techniques for the enhancement of the characteristics of fuzzy control, include, among others, genetic algorithms and particle swarm optimization as have been described in the works of Tairidis et al. (2016) and Marinaki et al. (2010), respectively.

The smart truss, which is studied in the present work, has specific geometrical characteristics and it can simulate the base of a radio-telescope and its behavior in cross-section consideration. The proposed control schemes, after being parameterized, are tested on the structural model for different excitations in order to examine the reaction of the structure. Moreover, to achieve the lowest possible deformation of the structure, the control is applied on each step of numerical integration. The presented techniques can be easily extended on the real three-dimensional radio telescope base or in other applications, such as the spray booms irrigation systems, the spars of wind turbine blades, the smart wings of aircrafts, etc.

In the present investigation, both fuzzy and neuro-fuzzy controls are used in the direction of dynamic morphing of the smart structure. The results of both methods are compared with each other in order to prove the efficiency of the proposed control method.

The paper is organized as follows. In section Mechanical Model of a Two-Dimensional Truss Structure, the mechanical model, which is based on finite element approximations is analytically described. A numerical integration scheme for this model is constructed in section Numerical Integration. Sections Fuzzy Control Scheme and Neuro-Fuzzy Control Scheme focus on a design of fuzzy and neuro-fuzzy control, respectively. In section Numerical Simulation Algorithm, a numerical simulation algorithm is developed. Numerical examples, namely, a comparison between the numerical results obtained by means of fuzzy and neuro-fuzzy control systems are presented in section Numerical Results. In section Conclusions, the main conclusions are discussed.

MECHANICAL MODEL OF A TWO-DIMENSIONAL TRUSS STRUCTURE

In this section, a two-dimensional truss dynamic model is derived based on the finite element method. The truss model is considered to have similar behavior in vibrations with a cross section of radio telescope base. It is supposed that the mechanical model of the truss consists of a finite number of parts (bars), connected with each other. Each bar of the structure corresponds to one element. The elements are in turn connected with each other by nodes. The truss, considered in the present study, consists of 17 nodes and forms 31 rods (elements). It is fixed (supported) in two nodes as shown in Figure 1.


[image: image]

FIGURE 1. The truss structure with dimensions in meters, numbering of nodes, and two supports at nodes 8 and 10.



Let the truss consists of Ne rods, elements. A displacement for every bar element of the truss on the [image: image] bar axis is described by a linear function,

[image: image]

where û1x and û2x, are the nodal displacements of two nodes at the end of each bar element, [image: image], and l is the length of the bar element. According to the classical theory for the deformation, stress and displacement the following relations hold:

[image: image]

where ε is the deformation (strain) tensor, σ is the stress tensor and E is the Young modulus (modulus of elasticity). Hence for the tension we have,

[image: image]

where A is the area of cross section of a bar.

Furthermore, for the nodal forces we have

[image: image]

According to the Newton's second law of motion for each node we have the nodal external (applied) force [image: image], which is equal to the sum of the internal force and nodal mass times acceleration. Thus, for each element on [image: image] and ŷ axes we have

[image: image]

or in the vector form

[image: image]

where [m] is the mass diagonal matrix, i.e., [m] = diag(m1, m1, m2, m2).

Distributed mass of the bar elements can be neglected or considered as a lumped mass on the nodes of the elements. For the internal forces from (1) and (2) it follows

[image: image]

where [image: image], [image: image]and [image: image] is the stiffness matrix of the bar element, defined as

[image: image]

Substituting (4) into (3) and taking into account the damping effects we obtain a system of equations for the bar element

[image: image]

where [c] is the damping matrix.

Now we need to introduce a transformation matrix for the bar element. According to the rules for the nodal displacements we have

[image: image]

where [Tr] is the transformation matrix,

[image: image]

where c = cosθ, s = sinθ, and θ is the angle between x and [image: image] axes.

Analogously, for the nodal internal forces,

[image: image]

Using the previous results (4), (6), and (7) it follows

[image: image]

Hence

[image: image]

where the global stiffness matrix [k] is defined as

[image: image]

The formula (6) is also holds for the velocity [image: image] and the acceleration [image: image]. Thus, since

[image: image]

from (5) we obtain for each element

[image: image]

A global stiffness, mass and damping matrices for the whole truss (the structure, composed of more than one element) are obtained by assembling the matrices for each element of the structure. Thus, the global stiffness, mass and damping matrices and external force are written as

[image: image]

where Ne is the number of elements. Further, k(e), m(e), c(e) and [image: image]are the global stiffness, mass and damping matrices and the external force, respectively, for each bar element, defined before as k, m, c and fex, respectively. Thus, for all the elements, the equation of motion (8) reads in the following vector form,

[image: image]

NUMERICAL INTEGRATION

The system of equations (9) can be solved by numerical integration (the Runge-Kutta method, finite differences, etc.). Here, the second order direct numerical integration Newmark-β method is applied. This method is flexible, because it does not require the smoothness of the second derivative. The following formulas for the nodal displacement, velocity and acceleration hold

[image: image]

where

[image: image]

and N is the number of nodes. Substituting the expressions for uk and [image: image] into (9) and adding control forces, i.e., function Zk+1, to the right-hand side we obtain

[image: image]

where

[image: image]

For the initial values of the nodal displacements, velocity, and acceleration we have [image: image], [image: image], [image: image].

For the integration constants we take β = 0, 25, γ = 0, 5 that corresponds to the case of unconditionally stable constant average acceleration method.

FUZZY CONTROL SCHEME

A non-linear fuzzy controller is developed using the Fuzzy Toolbox of Matlab. More specifically, a Mamdani fuzzy inference with two inputs, that is the displacement and the velocity, and one output, that is the control force, is considered. For the mapping of the fuzzy variables, both triangular, as well as trapezoidal membership functions are used as shown in Figures 2–4.


[image: image]

FIGURE 2. Membership functions of input 1 (displacement) of the fuzzy controller.
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FIGURE 3. Membership functions of input 2 (velocity) of the fuzzy controller.
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FIGURE 4. Membership functions of the output of the fuzzy controller.



The control system takes the inputs and makes the decisions based on a set of predefined verbal rules, which are known as fuzzy rules (Tairidis et al., 2009; Muradova and Stavroulakis, 2013). For the description of the controller, fifteen verbal rules have been considered, according to the classic pendulum problem. The weights of the rules were all set equal to unity “1.” For the combination of the fuzzy rules the AND logical operator is used. The implication method has been set to minimum (min), while the aggregation method has been set to maximum (max). The defuzzified crisp value of output has been created by using the MOM (Mean of Maximum) defuzzification method. The set of these rules is shown in Table 1, while a graphic representation of the rules is depicted on the fuzzy surface (see Figure 5).


Table 1. Fuzzy inference system rules.
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FIGURE 5. Fuzzy surface of the Mamdani-type fuzzy controller.



NEURO-FUZZY CONTROL SCHEME

The design of the non-linear neuro-fuzzy controller is based on classical fuzzy inference systems in combination with artificial neural networks. The resulted system, i.e., an adaptive neuro-fuzzy inference system (ANFIS) can provide very good results in terms of vibration suppression of smart structures, even when the examined system is partially known.

Neuro-fuzzy control works with Sugeno-type fuzzy inference systems and can be optimized using the ANFIS procedure. The whole process consists of a few steps. On the first step of the procedure, discrete values of the displacement and velocity without control are computed. These values are used as data for training in the ANFIS. A Sugeno-type controller is built and optimized in ANFIS, by using the training data obtained in the previous step. The output of this controller is a control force which can be used at each time step of the simulation for vibration suppression. Subtractive clustering is used for the creation of the membership functions, which are called clusters and the initial fuzzy inference systems is generated. After the creation of the initial system, the controller is trained, that is, optimized by using a hybrid method, which is based on the least square and the backpropagation method. Finally, the system optimizes, i.e., corrects/adapts, the rules and all the characteristics of the Sugeno controller. The details of the procedure can be found in the article of Muradova et al. (2017).

The controller which is developed for the present investigation, is trained using input data from node 11, while the external force which is applied on the structure is of sinusoidal form. The membership functions, which occurred by the training process in the form of clusters, are seven in number for each input, i.e., for the displacement and the velocity and are depicted in Figure 6. Neuro-fuzzy controllers are of Sugeno-type, which means that there are not any membership functions for the output. Linear functions or constant values are used instead. In the present case, seven constant values are created for the outputs by the training procedure. After the learning process, the ANFIS algorithm provided 7 rules for the decision-making system, which are shown verbally in Table 2 and schematically, in the form of a fuzzy surface, in Figure 7, respectively.
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FIGURE 6. Membership functions of (A) input 1 (displacement) and (B) input 2 (velocity) of the neuro-fuzzy controller.




Table 2. Neuro-fuzzy inference system rules.
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FIGURE 7. Fuzzy surface of the Sugeno-type neuro-fuzzy controller.



NUMERICAL SIMULATION ALGORITHM

In this section the numerical simulation algorithm, based on the methodology described in sections Mechanical Model of a Two-Dimensional Truss Structure, Numerical Integration, Fuzzy Control Scheme, and Neuro-Fuzzy Control Scheme is presented. Namely, the dynamic behavior of the mechanical finite element model is approximated by the numerical integration Newmark-β method. Then, with the use of the fuzzy and neuro-fuzzy logic dynamic control of the shape of the truss is performed. The steps of the algorithm are given below.

Step 1. Design a truss, i.e., set up the coordinates of the nodes and the connectivity of elements (bars) in the truss.

Step 2. Set up material constants, a number of loads and boundary conditions for the truss.

Step 3. Compute the stiffness global matrix K according to the design of the truss and the boundary conditions.

Step 4. Compute the total loading forces F and compose the damping matrix C and the mass matrix M.

Step 5. Set up the number of time steps KT and the final time T.

Step 6. Compute the displacementuk+1 and the velocity [image: image] by the Newmark-β formulas (10) for the equation of motion (9) without control function.

Step 7. Calculate the maximum and minimum of the displacement and velocity. These data can also be obtained from practical estimations, and they are used for suitable scaling of fuzzy control.

Step 8. Compose the Mamdani/Sugeno type FIS, based on the computed values of the displacement and the velocity, and the fuzzy logic rules for morphing. In case of the application of the neuro-fuzzy with Sugeno-type controller, the data are trained in ANFIS. Then the generated FIS is optimized using the hybrid method (the least square and backpropagation).

Step 9. Put the initial time, t = t0 and k = 0.

Step 10. Compute the control Zk+1 using the generated FIS and the values uk and [image: image].

Step 11. Compute the displacement uk+1and velocity [image: image] by the Newmark-β formulas (10) for the equation of motion (9) with control function Zk+ 1.

Step 12. Repeat Steps 10–11 for k = 1, 2, …, KT−1, i.e., continue to perform dynamic morphing (e.g., till the desired shape of the truss is reached).

NUMERICAL RESULTS

In the present investigation, the implementation of the above described techniques has been done on the two-dimensional truss model, as described in section Mechanical Model of a Two-Dimensional Truss Structure. The structure is shown with dimensions in Figure 1. Regarding the excitation, the truss is subjected to a vertical loading at node 16, while the control is applied through the neighboring element which is formed by nodes 16 and 17 (see Figure 1).

As for the excitations, a constant force which equals to F1 = −4N and a sinusoidal one which equals to F2 = −4sin(10πt)N have been considered for the numerical examples.

For reasons of demonstration, the results of fuzzy and neuro-fuzzy control are presented side by side. Namely, a comparison between the results of fuzzy and neuro-fuzzy control for the constant external loading are presented in Figures 8–10, while the results for the harmonic loading are given in Figures 11–13.


[image: image]

FIGURE 8. Displacement of node 16 for (A) fuzzy controller and (B) neuro-fuzzy controller.
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FIGURE 9. Velocity of node 16 for (A) fuzzy controller and (B) neuro-fuzzy controller.
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FIGURE 10. Diagram of forces for (A) fuzzy controller and (B) neuro-fuzzy controller.
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FIGURE 11. Displacement of node 16 for (A) fuzzy controller and (B) neuro-fuzzy controller.
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FIGURE 12. Velocity of node 16 for (A) fuzzy controller and (B) neuro-fuzzy controller.




[image: image]

FIGURE 13. Diagram of forces for (A) fuzzy controller and (B) neuro-fuzzy controller.



Neuro-fuzzy control provides better and more smooth results, in terms of the reduction of displacement, as seen in Figures 8, 11 and velocity and in Figures 9, 12, respectively. Figures 10, 13 show that in the beginning of the simulation the control forces, required in the neuro-fuzzy are more than in the fuzzy applications. However, from the time t > 2 approximately the applied control forces are less in neuro-fuzzy than in the fuzzy performances. Thus, the adaptive controller, not only significantly deteriorates the vibrations of the truss structure, but also accomplishes that goal within <1 s. So, for the present investigation, one can conclude that between fuzzy and neuro-fuzzy control, the latter is clearly more effective and smoother as well. However, fuzzy control is stable in some more general cases.

CONCLUSIONS

The suppression of vibrations, in the direction of dynamic morphing of a two-dimensional smart truss-structure, which can simulate a behavior of a radio-telescope base, has been considered in the present investigation. The finite element method has been used in a conjunction with controllers based on the principles of fuzzy logic. Both traditional fuzzy and adaptive neuro-fuzzy schemes have been chosen.

The controllers have been applied close to the loading positions, in the sense of collocated control. From the numerical examples, it is shown that the neuro-fuzzy controller provides the best results in terms of vibration suppression of both displacement and velocity of the examined node of the structure. The effectiveness of this controller is probably due to the larger number of clusters which have been created by the neuro-fuzzy system, compared to the other two neuro-fuzzy schemes. Another reason could be the selection of the node from which the input data have been received.

Regarding fuzzy control, although it does not correspond to an optimal control problem, an important point is that this type of control is based on verbal rules, which are easily applicable to a wide range of problems. Its effectiveness depends on the selection of these rules which are usually chosen empirically. In some cases, as shown herein, the results can be improved by using an adaptive neural-fuzzy inference system. In other cases, the results can be improved by using global optimization tools, such as genetic algorithms or particle swarm optimization.

From the numerical results, one can also observe that neuro-fuzzy control is quite effective, especially if trained properly. In the present paper, the training has been carried out using training data, that is information about the displacement, the velocity, and the force, at the nodes close to the ones where external loading was applied. Another important notice was that neuro-fuzzy control, compared to the traditional fuzzy controller, was more efficient and managed to deteriorate the vibrations significantly and also fast, within a short time-frame which was necessary for the adjustment of the control mechanism. From the comparison of the results obtained by fuzzy and neuro-fuzzy control in this work, one can conclude that in some cases the ANFIS can be much preferable for reducing vibrations in structures, although, the FIS is more stable and applicable for a wide class of problems.

The proposed here methodology provides the designer-engineer with the necessary feedback in order to improve the design and the strength of structures. Thus, it can be applied, not only on radio telescopes bases, but also on other problems of industrial and structural engineering, such as morphing of smart structures and mechanisms.
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