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Abstract. Conception and design of a control system require a designerand a Design Set, composed of architecture,
specifications, technique and controller configuration. Atthe same time, an implicit but important factor of Control
System Design is called resource: time, human and material.As theses resources are constrained and in order to make
the design feasible, there is a strong trend to simplify the original problem and abbreviate the solution search process,
achieving specifications compliance with few design iterations, without knowing the improvement degree one could reach
(which we call here as “Internal Flexibility”). In order to restore the equilibrium between Consistency (specifications
fulfilment) and Internal Flexibility (how far one can go intothat fulfilment), Control System Design Automation (CSDA)
area has emerged. In this work, CSDA environment and components are presented, with examples provided from a small
survey mostly from the aerospace area (a demanding and complex one). Also, in order to evoke the CSDA benefits on
control engineers, a MATLAB tutorial developed by the author and an example of application are provided.
Keywords: computational, intelligence, design, automation, control.

1. INTRODUCTION

This work aims to evoke the benefits of Control System Design Automation (CSDA) in control engineers, also in a
practical sense. The classic design procedure implies an human operator which defines a design set, composed of (a) one
or more candidate architectures, (b) systems specifications to be achieved, and (c) one or more techniques to be applied.
Finally, after some iterations, (d) a controller is selected among a set of candidates, representing the best compliance
with the specifications. The last step of this process poses an important limitation regarding the required effort demanded
from the human designer to explore a relevant subset of the search space. In other words, the more the number the input
candidates selected (e.g., weighting matricesQ andR of the linear-quadratic technique), the more the time required to
finish the design. Furthermore, the designer must not only produce the controllers, but evaluate them against stability
and performance metrics (among others), individually and then globally, selecting the best one. Therefore, it is logicto
suppose that the human designer will be prone to abbreviate the searching process, in order to satisfy project demands
such as scheduling times and human resources allocation. Itis also logic to suppose that an automated environment could
explore much faster and deeper the same search space, and even without dependency of the human designer, which would
be free to advance other duties. In this line, the Section 2 presents certain perspectives of control system design, which
motivates such automation. A small survey comes in Section 3to reinforce such motivation. Then, Section 4 describes
a mechanism and components to achieve such automation, which is applied to a flexible beam problem (Section 5); the
benefits found there are evident. The last section summarizes the main concepts and findings, bringing a special proposal
about the MATLABR© code developed by the author.

2. SOME COMMENTS ON CONTROL SYSTEM DESIGN

Control system design and analysis is associated with a generic Design SetD = {A,S, T ,K}, containing:

• a control system architecture,A;

• system specifications to be achieved,S;

• a controller technique to be chosen,T ;

• a controller to be designed,K.

In other words, givenA, computeK usingT in order to meetS.
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In order toD beconsistent, its elements must be reciprocallycompatible, that is, they must comply to each other.
Note that consistency is only a matter ofS fulfilment if the specifications are perfectly and completely defined. Otherwise,
a given design could satisfy such compliance at a cost –e.g.– of an actuation effort higher thanA could allow.

Compatibility is assured while consistency is not affected by the interactions between the elements ofD. The
compatibility degree is theflexibility to change the current element ofD, without a significant impact on the remaining
ones. For example, in an advanced phase of the design process, substituting a PID technique for anH∞ one (T ) could
have serious impact onK (algorithm incompatibility to a higher order controller),A (on-board computer burden) andS
(insufficiency of robustness specifications).

2.1 Consistency

At this point, it is worth defining a key concept:

Internal Flexibility A characteristic of a Design SetD related to the allowed margins for interactions between allits
internal elements (or global compatibility) while still keeping itsConsistency.

Among other factors, the knowledge of theInternal Flexibility of D is built upon:

• the architecture and constraints onA (physical, electrical, redundancies, environmental factors, etc.);

• the formulation and completeness ofS: as a set of objectives, how are dealt opposite ones (e.g. rise time and
overshoot)? all have the same relevance? what is the trade-off between them?

• the degree of exploration ofT andK;

• somehow on the designer’s perception. Replacing a controllerK1 by K2 may result in a better accomplishment of
S: smaller settling times, higher gain margins, and so on. However, ifK1 is alreadyS-compliant,why findK2?

Knowledge onInternal Flexibility is essential for complex and demanding areas such as aerospace control engineering,
where functionality1 is required not only for nominal conditions but also for time-varying, uncertain, perturbed, noisy and
even faulty ones, for multiple operating points.

2.2 Consistency× Internal Flexibility

An implicit but important factor to control system design iscalled resource: time, human and material. As theses
resources are constrained and in order to make the design feasible, there is a strong trend to simplify the original problem
and abbreviate the solution search process. This trend assigns the main focus ofD on its Consistencyrather than its
Internal Flexibility, similarly as emphasizing absolute stability (a necessarycondition) with detriment of relative stability
(margins to keep that condition). An automated environmentto explore Internal Flexibility is a consequent thought:
Control System Design Automation (CSDA) area came to fulfil such needs.

3. CONTROL SYSTEM DESIGN AUTOMATION : A SMALL SURVEY

Control System Design Automation, or CSDA, emerged as complete environments covering requirements interpre-
tation, modelling, design and analysis. Liet al. (2004) attempted to set a unified scene for linear time-invariant sche-
mes, by formulating various design schemes under index-based optimal design, hence transforming the original CACSD
(Computer-Aided Control System Design) into CAutoCSD (Computer-Automated Control System Design). In Maekawa
and Pang (1998), a very comprehensive control system designenvironment for mechanics called CSDA2 was presented,
composed of a requirement interpretation block, a modelling block, a design and analysis block, a data base / knowledge
base block, and a verification block.

CSDA is built with Computational Intelligence (CI, to be introduced in the next section). Solutions combining design
and CI are spreading: for many examples, see Coelloet al.(2007) regarding engineering, scientific and industrial applica-
tions. Besides, from the previous experience of this authorwith other Brazilian and international researchers, and inorder
to motivate the reader to develop a joint work in the CSDA area, one can mention the following applications:

1. In Ramos and Leite Filho (2007), a launch vehicle model andits respective control system are considered (proportional-
integral plus velocity feedback). The original design methodology considers a closed-loop transfer function with
frozen poles, obtained with the LQ technique applied for theflight instant when the aerodynamic load over the vehi-
cle is maximum. Based on that frozen t.f., the remaining gain-scheduled controllers are computed. Therefore, the
LQ optimisation feature is lost for those controllers. Then, a Linear Quadratic / Genetic Design (LQ/GD) approach
is applied, taking into account not only stability and performance specifications, but also interpolation smoothness
of the gain-scheduled controllers. The comparison is satisfactory, where the smoothness degree of the LQ/GD so-
lution is superior. Besides, as previewed, the LQ optimization is fully extended to the flight time range considered,
given that the maximum control effort is reduced, as proven by Hardware-in-the-Loop simulations.

1Not to mention other important aspects such as mass, power consumption, ruggedizing, cost, etc. .
2CSDA is used specifically here in connection with Maekawa andPang (1998), but generically in the remaining of this work.
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2. In Ramos (2011), a CI-based mechanism is combined with theObserver-Based Realization (OBR) technique of
Alazard and Apkarian (1999), for the computation of anH∞ controller. The OBR technique allows a controller
with suitable order to function also as an observer. For this, the set of OBR model’s closed-loop eigenvalues must be
explored regarding its distribution as state-feedback, state-estimator and Youla parameter ones. Besides, the OBR
model comprised the estimation of a bias fault at the angularvelocity sensor output, related to the roll plane attitude
control system of a launch vehicle (see also Ramos and Alazard (2010) on the estimations of attack and pitch angles
simultaneously to a bias fault). In parallel, CSDA was employed to compute gain-scheduled controllers according
requirements on stability, performance and smoothness. A non-linear digital simulation revealed an abrupt bias
fault on the roll sensor output, as expected.

3. An interesting mass-spring-mass benchmark problem was proposed by Wie and Bernstein (1992) in a control peri-
odical. Later on, Thompson (1995) presented its own solution with another eleven ones of previous contributions.
Thompson’s own contribution was ranked in the first place. Inorder to evaluate the power of CSDA, Ramos (2015)
redesigned the worst ranked in Thompson’s work with CI. The resultant control system brought improvements on
most indexes (stability, performance and parameter variation), specially a 99% reduction of the original maximum
control effort, plus a 180% increase of the original settling time, while still not violating the respective requirement.
Finally, the new controller left the last position of the score, awarding the 3rd place of 12 designs. It was even
possible to achieve the 1st place, but with a degraded performance, due to the replacement of the CSDA metric
element by the original metric adopted in Thompson (1995). That metric was shown imperfect, as it promoted a
poor design to a high score. Therefore, CSDA even found a defect in the original metric.

4. Ramos and Souza (2008) presented the embedding of CI in well-known techniques available for control system
design, applied to satellite attitude control system by using a reaction wheel. It was shown that effective search and
scoring procedures can replace human-performed trial-and-improvement actions for gain computation according
with four design techniques (including linear-quadratic andH2), producing performance indexes and torque levels
compatible with real world specifications. A comparison of the controllers found with each technique is provided,
based on the hypothetical example FireSat proposed by Souza(2006). Posteriorly, Ramos and Alazard (2009)
combined this same approach with OBR in order to provide estimates of the satellite model state-space vector.

4. BASICS OF COMPUTATIONAL I NTELLIGENCE

NOTE: this section is a brief summary; the reader may refer to Ramos(2011) for details.
Artificial Intelligence (AI) and Computational Intelligence (CI) are competing fields associated with respectively

symbolic and sub-symbolic (e.g., numeric) representations aimed for building intelligentsystems. AI relies on a top-
down strategy (that is, each system or ability is viewed as a black-box where its content is not primarily important) while
CI is built from small components (as the GA chromosomes) without having a priori conception of the final system.

There is low agreement on the definitions of AI and CI, but a major consensus about an overlapping nature between
them (see the Fig. 1). For terminology and discussions aboutit, see Konar (2005), Rudas and Fodor (2008) and Craenen
and Eiben (2002). CI area is composed of many sub-areas (see the Fig. 1) such as Granular Computing (Fuzzy Systems
(FS) included), Neuro-computing (Neural Networks (NN) included) and Evolutionary Computation (EC, Genetic Algo-
rithms (GA) included) to name the most known, along with hybrid versions of them, as well. Two important elements are
used in this work, namely GA and FS; thus, one presents them with more details.

4.1 Genetic algorithms

One of the most recognized pioneers in GAs is Bremermann (seeFogel and Anderson (2000)), who originally pro-
posed them as general models of adaptive processes (although posteriorly applied popularly as optimization and search
tools). GAs are basically the representation of the Darwinian theory of the life evolution on virtual populations or sets of
individuals. Each individual is composed of chromosomes, which refer to independent entities forming the full system.
By its turn, each chromosome is characterized by a set of genes. For example, the three-axis control system of a launch
vehicle (the individual) could be devised as three chromosomes (each one representing the controller of the respective
plane of manoeuvring), with 3 genes per chromosome (proportional, derivative and integral gains of each controller).

The GA operation cycle is basically composed of the following actions:

• Reproduction. Clones are produced with multiplicity proportional to the ratings of their parents.

• Crossover.Segments of genes are randomly exchanged between individuals.

• Mutation. Genes are changed randomly with a given probability.

• Elite Reinsertion. The individual of the original set with the best rating is preserved in the new set; that is necessary
due to the mutation and crossover actions.
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Evolutionary Computing (EC) = {Genetic Algorithms (GA), Genetic Programming (GP),
Evol. Programming (EP), Evol. Strategies (ES), DifferentialEvolution (DE)}

Neuro-computing (NC)= Artificial Neural Networks (ANN) with {Superv. Learning (SL),
Unsupervised Learning (UL), Hybrid Learning (HL) and Reinforcement Learning (RL)}

Granular Comp. (GC) = {Fuzzy Systems (FS), Probab. Reasoning (PR), Rough Sets (RS)}
Swarm Intelligence (SI)= {Particle Swarm (PS), Nature Inspired (NI), Ant Colony (AC)}

Artificial Life (AL)

Figura 1: Block diagram of the computational intelligence field.
Source: adapted from Konar (2005).
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Figura 2: Diagram of a Fuzzy System.
Source: Mendel (1995).
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4.2 Fuzzy Systems

Zadeh (1965) defined Fuzzy Sets as

a class of objects with a continuum of grades of membership

opposing the usual mathematical sense (e.g., the sets “real numbers greater than one” and “real numbers MUCH greater
than one”). According to Mendel (1995), a Fuzzy System (FS, see Fig. 2) is a non-linear mapping of an input vector into
a scalar output3 (e.g.Fig. 3), composed of Linguistic Variables, Fuzzy Sentencesand Fuzzy Rules. The Fuzzy Sentences
adopted in this work are Mamdani ones, based on mathematicalexpressions such as Gaussian or polynomial functions4,
with engineering specifications as input Linguistic Variables (e.g., “Settling Time”). The output Linguistic Variable could
be “Rating”. Each Linguistic Variable comprises the respective FuzzySentences and an Universe of Discourse.

In formal language, a FS could be described with the following illustrative statements:

• the Linguistic Variable “Overshoot” is associated with the overshoot of the system step response, where its Universe
of Discourse is [0, 100] [%]. The Fuzzy Sentence“Overshoot is small”is defined by a z-polynomial function (Eq.
1) and the pair〈a, b〉, with a = 0 andb = 20;

f(x) =















1, x ≤ a

1− 2 [(x− a)/(b− a)]
2
, a < x ≤ (a+ b)/2

2 [b− x/(b− a)]
2
, (a+ b)/2 < x ≤ b

0, x > b

(1)

• the Fuzzy System rules are logical combinations of Fuzzy Sentences (Eq. 2):

R1: If (“ Actuation is Large”) then (“Rating is Bad”)
R2: If (“ Actuation is not Large”) and (“Settling Time is Satisfactory”) then (“Rating is Regular”)
R3: If (“ Actuation is Satisfactory”) and (“Settling Time is Satisfactory”) then (“Rating is Good”)

(2)

The use of Fuzzy Systems as elements aimed for requirement evaluation in automated control system design was
firstly proposed by this author. Such feature will be discussed in the next subsection.

4.3 CI Mechanism for CSDA

A model of a CSDA CI-based mechanism proposed by this author is shown in the Fig. 4, and its operation follows.
Firstly, a GA generates, combines and mutates individuals,reinserting the best fitted one (the elite) of the last generation
in the current one. The individual is a chromosome given by the matrix (or vector)K, with itsKi,j elements as genes.K
is not always a gain, but can assume other forms, as the weighting values of the LQ design used in the example of the Sec.
5.. Secondly, a design process takes these individuals and produces controllers. Thirdly, indexes (stability, performance,
etc.) are extracted from the resulting control systems formed with the controllers. Finally, these indexes are evaluated with
a cost function (in this case, a FS); then, clones of the best rated individuals compose a new generation and the process
continues until a stop criterion is met. At this moment, an elite individual –Kelite – is delivered to external validation by
means of digital and Hardware-in-the-Loop simulations5. Finally, a validated controllerK is found.

3Refer to Mathworks (2010) for a lengthy and more didactic explanation of these concepts.
4Refer to the MATLABR© set of mathematical functions linked to the FS environment.
5It could be used simply as a baseline controller, if desired.
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Figura 4: Example of a CI-based mechanism used for CSDA.

5. AN EXAMPLE AND TUTORIAL

In order to illustrate CSDA, one chose a CONEM 2010’s paper where Guedeset al. (2010) computed a Linear-
Quadratic (LQ) controller for a flexible beam problem. The same design was computed with CSDA code developed
by this author in the MATLABR© environment. Then, both results were compared against qualitative performance
specifications suggested by Guedeset al. (2010).

5.1 Design Set

The linear model used in the design (Eq. 3) is given by a flexible beam coupled to a QUANSER’s SRV02-Series rotary
servo base unit. For the sake of space, only the most relevantvariables are named (angles in radians):θ is the servo load
gear angle,α is the angle of the arm deflection, andVm is the voltage applied to the electric motor of the servo unit.

ẋ =













0 0 1 0
0 0 0 1

0
KStiff

Jeq

Beq Rm−ηm ηgKt Km K2

g

Jeq Rm
0

0 −
KStiff (Jeq+JArm)

Jeq

Beq Rm+ηm ηgKt Km K2

g

Jeq Rm
0













x+











0
0

ηm ηg Kt Kg

Jeq Rm

−
ηm ηg Kt Kg

Jeq Rm











Vm, where:x =









θ
α

θ̇
α̇









,

(3)

An LQ controllerKG (Eq. 4) was found by Guedeset al.(2010) after trying somehow “time consuming” combinations
for the main diagonal elements of the weighting matrixQ, with R = 1. According to the author, “the controlled system
has a good response, (· · · ) presenting a small overshoot, a small rise time and also a small settling time.”. Those values
were not presented, but it can be shown as being respectively3.8337%, 0.2975s and 0.6431s (Fig. 5). However, a key
feature of any design is the actuation level. The proposed controller, in this case, yielded a maximum voltage of 15.8697V,
exceeding the nominal value specified for the servo electricmotor (according Quanser (2014), 6V), meaning probably a
Consistencyproblem of the Design Set (incompleteS).

QG =









255 0 0 0
0 3500 0 0
0 0 1 0
0 0 0 1









, RG = 1, KG =
[

15.9687 −51.5602 2.1649 0.5598
]

(4)

5.2 Design Automation

With CSDA, the controller structure is based on a single chromosome with genes as binary n-bit numbers6. According
to the Eq. 5 (where MSB is the Most Significant Bit of a gene), each pair of genes is associated to theQii element of the
Q main diagonal. Therefore, the four LQ parameters were translated to eight genes.

Qii =
gk,1
gk,2

, where:0 ≤ gk,1 < 2n, 1 ≤ gk,2 < 2n (5)

The FS is defined by Fuzzy Sentences presented graphically inthe Fig. 6 and Fuzzy Rules shown in the Eq. 2 (see
again the Sec. 4.2 ).

6In this case, n = 8.
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5.3 Results

Despite the huge search space (28×2×4 possible combinations), after testing 4000 individuals inless than 6 minutes
with a IntelR©CoreTM i3-2310M CPU @ 2.10GHz, the CI elite controller was found (Eq. 6) yielding a settling time of
0.4391s and maximum voltage applied to the servo unit of 5V (near the nominal value). Compared with the conventional
design, it brought 31.7213% reduction of the original settling time and 68.4934% reduction of the original maximum
actuation voltageVm (see Fig. 7). One can see the amount ofInternal Flexibility remaining in the conventional design.
Besides, no overshoot was produced with CSDA.

QG =









25 0 0 0
0 0.0042 0 0
0 0 0.0039 0
0 0 0 0.4539









, RG = 1, KG =
[

5.0000 −5.8658 0.4145 −0.0975
]

(6)

5.4 Comments

Regarding the Design SetD of the flexible beam design, some possibilities arise:

• CSDA reveals theInternal Flexibility of D and possible inconsistencies, if any;

• CSDA can explore a search space much higher than an human designer would, in a unachievable speed;

• CSDA can suggest a base design controller for a givenD, which the designer can start with.

5.5 Tutorial

The results presented in this section were produced with a set of MATLAB R© scripts developed by this author,
named “Evolutionary Design Box” (EDB for short). In order to provide a glance about the CSDA process, a summarized
procedure is presented, taking into account the following EDB scripts:

• ci.m, the main script;

• data.m, containing the input data required by the CSDA;

• gen_alg.m, where the high level functions of the CI mechanism are located;

• world.m, where the low level functions of the CI mechanism are located;

• models.m, containing the models used;
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• analysis.m, where the control system is assembled and indexes extracted;

• evaluation.m, where the ratings are computed from the indexes, accordingwith a FS file (in the case of the
flexible beam problem, named asflx_lnk.fis).

For a new CSDA run (e.g. the flexible beam problem, shown inbold letters), one may roughly follow these steps:

1. define the input data, regarding (i) the parameters of the computational intelligence (e.g., the controller para-
meter labels,Q11, Q22, Q33, Q44) and (ii ) the control system definition and simulation environment (e.g.,the
definition of the design techniqueT , lqr(P_,Q_,1));

2. define the models (e.g.,state-space system attached with input and output labels);

3. define the control system (e.g.,usingsumblk, connect and similar functions);

4. define the FS to be used for ratings production from indexes; actually, simply evoke the commandfuzzy in
MATLAB R© workspace (assuming that the toolbox is installed) and build by your own;

5. adapt theevaluation.m script in order to reflect the FS file name and the ratings / indexes used;

6. finally, run the scriptci.m.

A book is being currently written about EDB and the whole detailed procedure.

6. CONCLUSIONS AND FINAL REMARKS

By briefly presenting key concepts and providing a survey, overview, example and tutorial, this work aimed to offer
an interesting view of the benefits of Control System Design Automation (CSDA). In order to introduce the subject, one
defined the termInternal Flexibility for a given Design SetD. It was seen howConsistencymay obfuscateInternal
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Figura 7: Angleθ (radians) and voltageVm (volts) found by the CSDA LQ design.

Flexibility, and how CSDA can help to sustain a balance on both. By using CIelements, one can explore a design space,
recovering somewhat the original control problem which is highly prone to be abbreviated due to resource constraints.

Computational Intelligence (CI) and correlate concepts were defined. Two relevant CI elements were introduced
(Genetic Algorithms and Fuzzy Systems), so that a CI mechanism could be devised. Then, this mechanism was applied
to a flexible beam problem. Compared with a conventional design, a CSDA improved overshootless one was obtained: a
smaller settling time and a vigorous reduction of the actuation effort were achieved.

Furthermore, those better results found in a time span of mere 6 minutes were produced autonomously by a CI me-
chanism, leaving the human designer to advance other duties. In such perspective - speed - it is quite clear the superiority
of the automated approach compared with the conventional one.

Finally, a tutorial was provided, based on the same CSDA codedeveloped by the author for the MATLABR© envi-
ronment and used to solve the flexible beam problem. It is expected that control engineers be awake to the benefits and
advantages of CSDA; collaborative work between them (you!) and this author are always welcome.
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