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Simultaneous Satisfactory Design of Structural and
Control Systems by Set-Based Design Method

[Naoko SASAKI, Aiguo MING, Haruo ISHIKAWA]

Abstract—The design method capable of simultaneously
considering the factors related to control system and structural
system, and satisfying the multiple design objects as well is
proposed. This problem has usually trade-off factors and
complex design situation. One of set-based design methods,
preference set-based design (PSD), is applied to the simultaneous
design problem of the arm structure with stepped shape under
rotational motion. In PSD method, the design variables and
performance variables are represented by interval set with
designer’s preference function and, solution sets are obtained
considering high robustness and satisfaction of required
performances. Simulation using PID controller in control
engineering is performed. As a result, by using PSD method, each
interval set of multiple design parameters related to the shape of
the arm and the control system is obtained simultaneously
satisfying multiple required performances appropriately.

Keywords—simultaneous design, set-based design, vibration
control, structure/control interaction

1. Introduction

In the development of mechanical system, control function
plays a greater role in the system, and optimal design of
control system and structural system that have deep interaction
with each other is considered to be of great importance.
Therefore, in order to deal with the more technological
advance of machinery, it is indispensable to achieve the
simultaneous optimization of structural system and control
system [1-4]. There, also, have been various practical studies
relevant to this issue such as integrated design for hard disk
drives and so on. In some practical cases [5], specified control
target objects (structures) were provided in advance, and in the
other cases, in addition to the characteristics of the control
system, weight or damped oscillation characteristics is a factor
governing the characteristics of the structure [6]. Then, the
simultaneous optimization problems have often been
formulated for the relatively simple cases, as the mathematical
minimization problem of evaluation function [7-11].

Physical mechanisms of the mutual interaction of the both
systems, however, are remained obscure. There are various
issues to consider such as many and varied design variables, a
large number of restrictions, complexity and multi-peak
solution of evaluation function, and dynamic problem
governed by motion equation with a large number of freedom
that affects the interaction.
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In mechanical system and electrical system such as
robotics and automotive engineering, so-called PID
(Proportional-Integral-Derivative) controller, including
feedback system, is widely used to achieve desired mechanical
or electrical behaviors [12, 13].

On the other hand, when the behavior of target object is in
dynamical system, mass, center of gravity, inertial force,
external force (torque), and resistance in proportion to velocity
are generally considered in transfer function in control
engineering including PID controller.

The shape and the size of the real target object, however,
are not to be considered generally in PID controller. It often
happens that the shape and the size differ while mass and/or
the center of gravity are the same for some objects each other.
Therefore, from the viewpoint of the actual design, it is
thought, in this study, to be important that the real shape and
size are also to be treated simultaneously with the control
design.

Meanwhile, in order to present characteristics of the
system in control engineering, some characteristics, like rise
time, settling time, etc, for step-response which is used in this
research are treated as design objectives (required
performances) of control system.

From the viewpoint of the actual simultaneous treatment of
controller and the design of shape and size, considering weight
saving of an object, for example, its mass can be set as a
design objective. In short, the elements of control engineering
and weight saving (mass) are selected as design objects at the
same time. In other words, the method to find the design
solutions which satisfy multiple design objects is investigated.

On the other hand, the adjustment of the feedback gain is
generally necessary in the feedback control design. And also,
in the structural design, there are uncertainty such as the
decision difficulty for the designer, the influence from other
sections, the change of the palatableness of the user, in
particular at the stage of a conceptual design and/or the initial
design. Under the consideration for these adjustment and
uncertainties, it is necessary to carry out the simultaneous
design. Conventionally, design methodology for such situation
was based on the point-based repetition design procedure.

In this study, we investigate the technique to enable design
by the narrowing of the common set of some characteristics
based on the range concept, not the repetition by the point base,
considering the adjustments of control system and the
uncertainties of the design of the structure system at the same
time.

The purpose of the present research is to show that set
(interval) solution that satisfies simultaneously multi-
objectives in design problem over both of control engineering
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and mechanical engineering using set-based design method
can be obtained.

In this research, MATLAB is used for simulation of the
control (MATLAB is registered trade mark of MathWorks,
USA).

n. Set Conceptin Control Design

and Structural Design

In the control design, there is the evaluation of transient
characteristics and steady - state characteristics as the output
for the input by the Step function. The value of the feedback
gain influences these characteristics.

For example, the steady characteristic improves if there is
a pole toward s=0, but the transient properties worsen. As how
to decide of the feedback gain, Ziegler-Nichols ultimate
sensitivity method is suggested. However, the value of the
method is an aim to the last, in local spot situation, the values
are obtained in a way of the trial and error.

In structural design, especially in conceptual or initial
design, we meet various kinds of uncertainties, like the
decision difficulty for the designer, the influence from other
sections, the change of the palatableness of the user. In order
to consider adjustment characteristics in the control
engineering and uncertainties in the structure engineering, the
idea of set-based design method [14, 15] is used in the present
study. Especially the called Preference Set-Based Design
(PSD) method, as a method to obtain set (interval) solutions of
multiple design variables meeting a common space of multi-
objective performances [16, 17] is applied. The method has
been applied to practical problems of mechanical and
structural engineering fields, but not to control engineering
problem.

m. Set-Based Design Method

In the present study, main purpose is simultaneous design
of control engineering and structural engineering, which are
traditionally different fields. The design of the different fields
can be integrally discussed if the concept of satisficing of the
required performances is introduced [18].

In the set-based design methods, like fuzzy set-based
method [19], interval set-based method [20], and probabilistic-
based design method, preference set-based design method
(PSD method) based on the satisficing is used in the present
study. As one of the expression of the satisficing, in PSD
method preference and robustness are defined. In this method,
as shown in Fig. 1, required performances and design
variables are represented by set with preference function. In
addition, the preference numbers that are normalized as
between 0 and 1 are used. The initial interval sets will be
narrowed by the concept of the design preference and
robustness defined by the preference function for the set. The
procedure of the set-based design method is illustrated in
Fig.2.
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PSD method consists basically of set representation, set
propagation, and set narrowing. Set-representation for design
variables and requirement performances are expressed like
Fig.1. Set propagation from the initial set with preference for
design variables to required performance space is carried out
to obtain the intersection solution space of design variables,
where the requirements are satisfied. The propagation is
carried by PSO (Particle Swan Optimization) method. In set
narrowing process, the solution subset space with higher
preference and robustness for all requirements is searched in
the intersection solution, eliminating infeasible or
unacceptable design subspaces. Finally, the narrowing process
selects an optimal design subspace from a few feasible
subspaces, which are more preferred by the designer and
provides better design robustness .

iv. PID Control Method

There are several concrete methods proposed for PID
controller, such as P, Pl, PD, PI-D controllers and so on. In
this research, we used P1-D controller based on partial model
matching technique [21-22]. This PI1-D controller is presented
by the following equation,

u(s) = (Kp + Kifs) e(s) — Kq sy(s) @)

where s is a Laplace operator, u(s) is an input of controlled
object, y(s) is an output of controlled object, r(s) is target
(demanded) output value (shown in Fig. 3) and e(s) is the
difference between the demanded set-value r(s) and actual
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output y(s). K, is Proportional gain, K; is Integral gain, and Kgq
is Derivative gain. A block diagram of PI-D controller is
shown as Fig.3. In this figure, C(s) is controller and P(s) is
controlled object. The input disturbance, d(s), is not
considered this time.

The target value r(s) is given as step function. While there
are various factors to show transient characteristics of the step
function, rise time R, percentage overshoot A, and settling
time T, (within =2% of the steady-state value), are used as
typical examples in this research.

v. Design Object

In order to show the efficacy of set-based method to treat
simultaneously both control design and shape/size design,
linearized simulation around a certain value using PI-D
controller was carried out for dynamic rotational motion arm
as an example. In Fig. 4, L, W, and Ly, W, are length and
width of region a and b, respectively. In these parameters, L,
and W, are design variables, while the values of length L,,
width W,, and thickness are fixed, as 0.15 [m], 0.05 [m] and
0.1 [m], respectively. As a result, design variables are three
(Ki, K, and Kgy) for control system, and two (L, and W,) for
structural system. In total, five design variables are used. 0 is
angle of rotation. The material of the arm is general resin.

Mathematical Model and
Simulation Model

Mathematical model of dynamic rotational motion arm is
presented as the following nonlinear differential equation.
)

VI.

J5(t) = —cy(t) — Mlg siny(t) + u(t)

Here, "y(t)=0(t)" is output (angle of rotation), u(t) is input
torgue to the arm. M is the mass of the controlled object, I is
the distance from center of gravity to axis of rotation, J is the
moment of inertia, ¢ is the viscous friction coefficient (0.695
in this study), and g is the acceleration of gravity.

Step function is used for the input, then PI-D control was
carried out to control the arm so that the difference between
demanded output and actual output will be 0.

In an example problem of PI-D control explained in
section V, the demanded output of arm angle is 7/6. In (2),

~
=
L A

P(s)

non-linear term is linearized around the angle of 7/6.

Figure 1. Block diagram of PI-D controller.
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Figure 4.)Dynamic rotational motion arm.

vi. Application of Preference Set-
Based Design (PSD) Method to an
Example

A. Design Procedures

Fig. 5 is the concrete design procedure of the set-based
design method.

At stage A), the interval and preference of both the design
variables (L,, W,) of the shape/size and control variables (K;,
K, and Ky) of controlled object are to be set.

In addition, required performances for control
characteristic are the indexes mentioned in section IV (rise
time R, settling time T, maximum overshoot A.), and mass,
M, of the arm for machine characteristic.

At the stage B), each performances are represented by
response surface equations (quadratic polynomial). Practically,
the performances are found according to the combinations of
the three points (both ends and middle) within the set of
design variables. This procedure is carried out by each level of
the preference.

At the stage C), the performance intervals for the design
variables and preference at the stage A) are obtained for each
preference number by using response surface expressions of

A) Input of interval and
preference of design variable
and required performance

y

B)Derivation of response surface
equation (relationship of
performance and design
variable)

C)Propagation of interval
of design variable to
performance interval

1}

D)Narrowing of initial set of
design solution to eliminate
inferior or unacceptable subsets.

Figure 5. Procedure of preference set-based
design method.



International Journal of Advancements in Mechanical and Aeronautical Engineering - JAMAE 2018
Copyright © Institute of Research Engineers and Doctors, SEEK Digital Library
Volume 5 : Issue 1- [ISSN : 2372-4153] - Publication Date: 25 June, 2018

B). Particle Swarm Optimization method [23-24] is used for
set propagation.

At the stage D), how the performance interval with
preference obtained at stage C) satisfies the initial interval of
required performances with preferences is investigated. To do
so, the preference and robustness are measured. The solution
set of the design variables are selected considering the
robustness and the preference.

B. Result of Preference Set-Based
Design (PSD)
The relationship between the design variables and the

performances are required to carry out the PSD method. The
simulation of PI-D control was conducted using MATLAB.

Then, with the results (rise time, overshoot and settling
time), the set-based design was carried out using the initial
sets of the five design variables and four performances. Two
cases with different requirements are examined.

The initial sets of the design variables and required
performances are shown in Table I . For example, the initial
sets of W, and A« are shown by dotted lines in Fig. 6 and
Fig. 7, respectively.

As the result of the calculation by PSD method, the
solution sets of the design variables and the related
performances are obtained (Table II). The set solutions are
narrowed through the design procedures in Section VII.

TABLE 1. DESIGN VARIABLES & REQUIRED PERFORMANCES(CASEL)
Design Variables Initial Sets
Length of region b, L, [m] [0.1,0.2]
Width of region b, Wy, [m] [01,0.2]
Integral gain, K; [10,20]
Proportional gain, K, [ 10, 20]
Derivative gain, Ky [0.1,0.5]

Performances Requirements
Rise time, Rs [s] =0.15
Maximum overshoot, Anax [%] =20
Settling time, T [s] =30
Mass, M [kg] 2=M =3
TABLE II. NARROWED SOLUTION SET
Case 1 Case 2
Length of region b, L, [m] [0.10, 0.13] [0.10, 0.11]
Width of region b,W, [m] [0.13,0.15] [0.15, 0.16]
Integral gain, K; [15.0, 17.5] [16.7,17.5]
Proportional gain, K, [10, 12.5] [10, 10.8]
Derivative gain, Ky [0.1,0.2] [0.1, 0.13]
Rise time, R [s] [0.10, 0.15] [0.12,0.14]
Maximum overshoot, Apay [%] [8.35,19.2] [9.30, 13.4]
Settling time, T, [s] [1.25, 2.69] [1.57,2.00]
Mass, M [kg] [2.0, 2.63] [2.25, 2.47]
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The solution set of Wy isshown by solid line in Fig. 6, for
example. The line with circles shows the possibility of the
performance for the initial sets of five design variables. The
interval shown by the solid line of Fig. 7 is the performance
corresponding to the solution sets of Case 1.

Next, the influence of the maximum overshoot rate Amay,
one of the performance, is considered as Case 2. As an
example, Anax is set to be below 15% in this case (Fig. 8)
while the other conditions are the same as Case 1. The result
of the design parameters is obtained (Table II).

As explained, narrowed solution sets are obtained under
each condition. To verify the validity of the solution sets, the
following substitution was conducted. Middle point values of
the every design parameters of the narrowed intervals of
design parameters are used to get the point value of required
performances. As a result of the substitution, each value of
performance parameters is obtained in required performance
(Table 1).
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viii. Conclusion

The design method capable of considering the factors
related to the design of PID controller and the shape/size of
controlled object at the same time, and satisfying the multiple
design objects as well is proposed. This method is different
from the traditional point-based design method. In other words,
the design variables and performance variables are represented
by interval set with designer’s preference and, solution sets
can be found considering high satisfaction of required
performances.

As a practical example, a problem of dynamic motion arm
is used to show the efficacy of this method. The solution sets
of five design variables are obtained simultaneously,
satisficing four required performances. This research shows
that the method which has been applied to mechanical designs
can be applied to the simultaneous designs of structural system
and control system.
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