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This paper presents progress in the field of adaptive civil-engineering structures. Self-diagnosis, multi-
objective shape control and reinforcement-learning processes are implemented within a control frame-
work on an active tensegrity structure. Self-diagnosis extends active structural control to situations of
partially defined loads. Multi-objective search is useful for computing commands that control shape
while minimizing active strut stroke and stress, and maximizing stiffness. Reinforcement learning
improves the control by memorizing, retrieving and adapting previous control events. The control frame-
work is validated experimentally on an active tensegrity structure. This provides an example of an adap-
tive civil-engineering structure.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Most civil-engineering structures are passive and static. A more
challenging functionality for civil-engineering structures is active
adaptation to changing requirements, such as load modifications,
temperature variations, support settlements and possible damage
occurrence. For the purposes of this paper, the terminology that
is related to this field is clarified as follows:

o The concept of active structures as defined by [28] involves struc-
tures that include both static and active structural elements.

e Adaptive structures are defined by [34] to be structures whose
performance is controlled by a system composed of sensors,
actuators and a computer that provides the ability to learn and
improve response to changing environments.

e The ultimate goal of intelligent structures is to maintain and
improve structural performance by recognizing changes in
behavior and loading, adapting the structure to meet perfor-
mance goals, and using past events to improve future perfor-
mance [24,25].

The border between the definition of adaptive structures and
that of intelligent structures is not clear. The term, adaptive struc-
ture, will be used throughout this document.

The words, kinetic architecture, were first employed by [37].
Large buildings that move themselves to new locations, structures
that expand and contract to adapt to changing spatial needs, build-
ings that change shape and large structures that fold up and are

* Corresponding author.
E-mail addresses: bernard.adam@a3.epfl.ch (B. Adam), ian.smith@epfl.ch (L.F.C.
Smith).

0045-7949/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compstruc.2008.05.006

transported were discussed. Yao [36] first introduced active struc-
tural control as a means for extending the limits on heights of tall
buildings by actively controlling structures during high winds. The
behavior of such controlled structures should vary automatically in
accordance with unanticipated variations in the loading as well as
environmental conditions, thereby producing desirable responses
under all possible loading conditions. However, to date, little pro-
gress has been found in the literature. Currently, an increasing
number of lightweight structures, advances in computing, wireless
technology as well as new sensor and actuator technologies create
favorable situations for adaptive civil-engineering structures.
Adaptive civil-engineering structures also provide innovative
opportunities for temporary and reusable structures.

While bio-inspired systems have already been studied for dec-
ades in domains such as mathematics, informatics, electronics
and robotics [6,14,31,33], few examples of adaptive civil-engineer-
ing structures have been found in the literature. Pawlowski and
Holnicki-Szulc [22] introduced a structure that could adapt to ex-
treme loads. It detected impacts through a set of sensors and opti-
mally distributed forces in the structure using structural fuses.
Sobek et al. [27] defined adaptive structures as load carrying sys-
tems which are able to react to variable external influences. Noak
et al. [21] demonstrated experimentally that integrating actuators
in a trussed beam system allows for a significant increase in span
and an increased load bearing capacity. However, these are studies
where the control command and the structural response are di-
rectly linked and not coupled with other control loops. They are
carried out mainly on small models and through numerical simu-
lation. Moreover, no experimental demonstration of self-diagnosis
and self-repair of a civil-engineering structure could be found in
the literature.
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Since tensegrities can be equipped with active control systems,
they have the potential to adapt to their environments. Tensegrit-
ies are spatial, reticulated and lightweight structures. These struc-
tures are composed of struts and tendons. Stability is provided by
the self-stress state between tensioned and compressed elements
[15,18,19]. A recent definition has been proposed by [20]: A tenseg-
rity system is a system in a stable self-equilibrated state comprising a
discontinuous set of compressed components within a continuum of
tensioned components.

Control of tensegrity structures has been a topic of research
since the middle of the 1990s. Kawaguchi et al. [17] studied shape
and stress control of pre-stressed truss structures. However, diffi-
culties were identified in validating numerical results through
experimental testing. Averseng and Crosnier [4] studied experi-
mentally the control of a tensegrity grid in which the actuation
system is connected to the supports.

Djouadi et al. [7] described a theoretical scheme to control
vibrations of tensegrity systems. Sultan [29] presented a formula-
tion of tensegrity active control and illustrated it with the example
of an aircraft motion simulator. Skelton et al. [26] concluded that
since only small amounts of energy are needed to change the shape
of tensegrity structures, they are advantageous for active control
and depolyment [30]. Kanchanasaratool and Williamson [16] pro-
posed a dynamic model to study tensegrity feedback shape control.
Van de Wijdevan and de Jager [32] studied an example of 2D
tensegrity vibration and shape control. These studies obtained re-
sults mainly from numerical simulation of small, simple and sym-
metric tensegrity models.

Fest et al. [11,13] demonstrated experimentally the feasibility of
tensegrity active shape control. The most challenging part of the
study was the computation of control commands (sequence of con-
tractions and elongations of active struts) that modify the self-
stress state in order to recover the top surface slope of the struc-
ture when subjected to a load. Since the behavior of the structure
that was used for experimental testing is geometrically nonlinear
and highly coupled, there is no closed form solution for active strut
adjustments given a required top-surface slope [12]. This fact pre-
cludes the use of analytical treatment such as suggested for exam-
ple in [35]. A single-objective stochastic-search algorithm [23] was
selected as the best method to accommodate the exponentially
complex generate-test process that is needed to compute control
commands [9]. Domer and Smith [10] studied the capacity of this
structure and its control system to learn in order to decrease the
average time necessary to compute a control command.

Adam and Smith [1] proposed and validated experimentally a
multi-objective approach to compute control commands. Since
more robust control commands were computed using this ap-
proach than with single objective control, the structure was ob-
served to accommodate multiple loading events over its service
life. In these studies, it was assumed that the load position and
magnitude were known. Adam and Smith [2] proposed methodol-
ogies of self-diagnosis and self-repair and validated them experi-
mentally on an active tensegrity structure. It was concluded that
these intelligent control methodologies extend tensegrity active
control to situations [5] where loads and damage are partially de-
fined. Control performances were improved by the use of rein-
forcement learning [3]. A general improvement simultaneously in
control quality and control command computation rapidity was
demonstrated experimentally. However, intelligent-control meth-
odologies were not integrated in a control framework to support
active control in partially-defined environments.

No other example of experimentally testing on an adaptive civil
engineering structure has been found in the literature. This paper
presents an example of an adaptive civil-engineering structure
using a framework of intelligent-control methodologies: self-diag-
nosis [2], multi-objective shape control [1] and reinforcement

learning [3]. This framework is integrated in an active tensegrity
structure to support control in partially-defined environments.

Following the Section, Description of the active tensegrity struc-
ture and the Section Terminology and formulas, the paper is orga-
nized as follows. The subsequent section introduces the control
framework. The following sections present the active control
methodologies: self-diagnosis, multi-objective shape control and
reinforcement learning. An example of adaptation over multiple
partially defined loads is then given in order to validate the frame-
work experimentally. The paper ends with a discussion of potential
for future work.

2. Description of the active tensegrity structure

The structure that is used for experimental testing is the same
as in [13]. It is composed of 5 modules and rests on three supports
(Fig. 1). It covers a surface area of 15 m?, has a height of 1.20 m and
withstands a distributed dead load of 300 N/m?. It is composed of
30 struts and 120 tendons. Struts are fiber-reinforced polymer
tubes of 60 mm diameter and 703 mm? cross section. Tendons
are stainless-steel cables of 6 mm in diameter. The central node
and star topology is a particularity of each module. This topology
was proposed to limit buckling lengths, thereby allowing for more
slender compression elements than more traditional tensegrity
(Paronesso and Passera, 2004). The structure is equipped with an
active-control system: ten active struts and three displacement
sensors. The ten active struts are placed in-line as pairs in each
module. They allow for strut length adjustment. Displacement sen-
sors measure vertical displacements at three top surface nodes: 37,
43 and 48 (Fig. 2). Shape control has involved satisfying a service-
ability objective: maintaining the slope of the top surface of the
structure when the structure was subjected to loading. Top surface
slope S is calculated from the vertical coordinates of the top surface
three nodes, z37, z43 and z4g that are equipped with displacement
sensors (Fig. 2). It is determined as follows:
S:%(Z437237;Z48)7 (1)
where L is the horizontal distance between nodes 43 and middle of
segment 37-48.

2.1. Terminology and formulas

For the sake of clarity, notations and quantities that are specific
to this structure are introduced. Vertical coordinates of the three
nodes 37, 43, 48 are labeled z3;, z43 and z45. Since quantities are
measured on the structure and numerically simulated, subscript
m is introduced to define measured values and subscript c is intro-
duced to define numerically simulated values. The quantities are
introduced below:

e The top surface slope after loading S is evaluated when the
structure displaces due to loading. The vertical coordinate of
node i in deformed configuration is indicated by z;. Consequently
the top surface slope after loading S is expressed as follows:

, 1 z z,
S :Z<ZA3_%>- 2)

e The top surface slope deviation TSSD is determined using Egs. (1)
and (2) as follows:

TSSD=S —S. 3)

e The top surface slope after active control perturbation S” results
from a 1 mm elongation of active struts. The vertical coordinate
of node i is labeled z/ and the top surface slope after perturba-
tion S” is expressed as follows:
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Fig. 1. Five-module tensegrity structure, 15 m? ground projection, 10 active struts, 3 displacement sensors.
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Fig. 2. View from the top of the active tensegrity structure.

N 1 v 247 + Zyg (4) o The top surface slope after correction S” is evaluated when the
TL\™ 2 ’ top surface slope has been corrected through the application
of a control command, the vertical coordinate of node i is labeled

* The slope variation AS has the following expression using Eqs Z" and corrected top surface slope S” is calculated as follows:

(2) and (4). It describes the influence of a particular active strut

on the top surface slope: S — % (22/3 — w) (7)
AS=S"-5. (5)

) ) o e The slope compensation SC is defined in order to evaluate top

e The influence vector v contains the 10 slope variations AS that surface slope correction quality using Egs. (1), (2) and (7). Its
correspond to the 10 active struts. According to Eq. (5), its expression is
expression is g _g"

: SC=2". 8)
v =[AS(1)AS(2)---AS(10)] . (6) S-S
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e The transversal slope deviation TSD is introduced in order to
evaluate the transversal behavior of the structure (Fig. 2). Its
expression is

TSD = Ll[ (Z4s — 257) — (245 — 237)), ®)

where L, is the transversal distance between nodes 37 and 48.
e The approximate global stiffness indicator K is evaluated as fol-
lows when a point load at node i is labeled Q;:

Q37 Q43 Q48

K=
[TSSD(Qa7)]  TTSSD(Qas)] * TSSD(Qug)|”

where Q37, Q43 and Qug are vertical loads that are applied succes-
sively to the structure. K, is measured on the structure and K. is
calculated through numerical simulation.

e The maximal stress ratio T indicates the remaining capacity of
the most stressed element. Elements of tensegrity structures
carry only normal forces. Struts are in compression and tendons
are in tension. The normal force in element i is labeled N; and the
capacity of element i iS Naqm ;. The maximal stress ratio over all
elements T is written as:

— Ni
T= max <N3dmj>. (11)

Since the structure is not equipped with strain sensors, forces val-
ues are determined numerically.

(10)

2.2. Control framework

Intelligent-control methodologies such as self-diagnosis, multi-
objective shape control and reinforcement learning are organized
in a control framework (Fig. 3). In practical situations, intelligent
structural control involves adaptation in environments that cannot
be fully defined. For the purposes of this study, loads are partially
defined. A partially-defined load is a known type (for example a
single point load) and unknown magnitude and location.

Since loads that are applied to the structure are partially de-
fined, self-diagnosis, Fig. 3 right, is required to identify load magni-
tudes and locations. Control commands are then computed
according to self-diagnosis solutions using multi-objective search
in order to correct the top-surface-slope deviation due to loads,
Fig. 3 bottom. Control commands are applied to the structure.
Reinforcement learning, Fig. 3 middle, improves control perfor-
mance through adapting past experience memorized from previ-
ous loading and control events. Details of these steps are
described in the following sections.

Loading
event

A 4

Control -
Reinforcement Self
command ) . .
o learning diagnosis
application

A

Multi-objective
control command
search

A

Fig. 3. Control framework.

2.3. Self-diagnosis

Loads are single vertical static loads. Load magnitude and loca-
tion is unknown. Self-diagnosis involves magnitude evaluation as
well as location and it is carried out using system identification
methodology. Similarly to the inverse problem of control com-
mand computation presented in [13], there is no closed-form solu-
tion for self-diagnosis due to geometric non-linearity. In spite of
this, system identification in this study requires no additional
measurements.

Comparisons between measured values due to applied loads
(subscript m) and calculated values (subscript c) of three indicators
support system identification. These indicators are top-surface-
slope deviation TSSD (Eq. (3)), transversal-slope deviation TSD
(Eq. (9)) and the influence vector v (Eq. (6)). Calculated values
are determined by dynamic relaxation analysis using kinetic
damping. Domer [8] contains more information related to this
methodology. The following steps are carried out:

Step 1:

Top surface slope deviation TSSD is the first indicator. The
value of TSSD;, is measured on the structure. Iteratively for
each node of the top surface, load magnitudes are gradually
increased and TSSD. is numerically calculated until relation
(12) becomes true

TSSD, > TSSDj. (12)

Value pairs of load magnitudes and locations create a set of can-
didate solutions. Negative loads (upwards) are not considered.
Step 2:

Transversal-slope deviation TSD is the second indicator. This
indicator is used to ensure that trends are the same. This means
that candidate solutions that do not satisfy expression (13) are
rejected

TSD.  TSD,
abs(TSD,.) = abs(TSD,)

(13)

Experimental measurements show that 2.9 mm/100 m is an
upper bound for precision error of transversal-slope deviation.
In situations where transversal-slope deviation is less than
2.9 mm/100 m, no candidate solution is rejected.

Step 3:

The influence vector v is the third indicator. Active-control per-
turbations are applied to evaluate the influence vector v. An
active-control perturbation is a 1 mm elongation of an active
strut. Among the remaining candidates, the candidate that sat-
isfies expression (14) is taken to be the reference candidate

10

> (ASc(i) — ASw(i)* | (14)

Jj=1

min |v, — vpy| = min

where j indicates active strut number. Practical applications of
system identification include consideration of errors. An upper
bound for the error on slope variations for one single active-con-
trol perturbation has been observed to be e, =0.11 mm/100 m.
This error is related to variations in the actuation system and
sensor-system accuracy. Candidate solutions that satisfy expres-
sion (15) are also taken to be self-diagnosis solutions

[Viet — Ve| < 10 - €p, (15)
where the subscript ref is introduced to define the reference can-

didate. This process results in a set of candidate solutions for
self-diagnosis.
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2.4. Multi-objective shape control

As noted in the previous section, there is no closed-form solu-
tion for control command computation for shape control of this ac-
tive tensegrity structure (Fig. 1). Multi-objective search is used to
select control commands. In practical contexts, active structures
need to remain in service as loads change.

While shape control in this study involves maintaining the top
surface slope of the structure when subjected to a load, this objec-
tive should not be met in isolation. Robustness of both the struc-
ture and the active-control system is also important. In this
study, robustness of the structure is related to serviceability and
safety. Robustness of the active-control system is expressed in
terms of active-strut stroke. In situations of active control, robust-
ness is required to accommodate multiple load and control events
over service life.

Since the structure is equipped with ten active struts and con-
tains only three measurement points, many combinations of con-
tractions and elongations of active struts satisfy the top surface
slope objective to an acceptable degree [1]. This presents an oppor-
tunity to select commands using multi-objective search to control
the structure while maintaining robustness. In other words, addi-
tional objectives are used to avoid limits of safety and serviceabil-
ity. The following objectives are relevant:

e Slope: maintain top-surface slope of the structure,

e Stress: minimize stress-ratio of the most stressed element,

e Stroke: maintain active-strut jacks as close as possible to their
midpoint,

o Stiffness: maximize the stiffness.

The two first objectives are related to robustness of the struc-
ture. The third objective insures robustness of the active control
system. The fourth objective is intended to ensure adequate stiff-
ness of the structure for the next loading event. These four objec-
tives are not complementary. Decision variables are the positions
of the ten active struts: x=(x1,x5,...,X10). Quantities and notations
that are used to formulate these objective functions are defined
in the Section, Terminology and formulas. Objective functions are
expressed as follows:

fslope = S/C”(X7 q) - Su (16)

fstress = TC(X7 CI)

fstroke = miax(xi - X?)7 (18)
1

fsriffness = m7 (19)

where q describes applied loads. The objective function (16)is the dis-
tance between corrected top surface slope and initial slope. Function
(17) is the stress ratio of the most stressed element. Function (18) is
the maximum stroke among all active struts and function (19) is
the inverse of the global stiffness indicator for subsequent loading
events. Inequality constraints are intended to prevent failure when
the control command is applied. Constraint functions are

gno_rupture = TC(X7 Q) -1< 01 (20)
&no_tension = mlg[NC(X7q)] < Ov (21)
(22)
(23)

strut
Gemin = —(X —x™) <0, Vi=1,...,10, 22
23

gx,max:Xi_X{naxg(), VIil,.lo

Strut buckling and cable rupture are prevented by constraint
(20). Since strut connections are made through contact compres-
sion only, tension in struts has to be avoided, Eq. (21). Stroke con-
straints, Egs. (22) and (23), bound active-strut positions. The multi-
objective task is represented mathematically as follows:

min {fstope (%), fotroke (%), fstress (%), ftittness (X) }
subject to:  gno_rupture (X, @),

&no_tension (X, q)

Zemin(X),

Exmax(X).

The methodology for multi-objective shape control is based on
Pareto filtering and hierarchical selection (Pareto 1896). A set of
Pareto optimal solutions is built according to the four objectives:
slope, Eq. (16), stress, Eq. (17), stroke, Eq. (18) and stiffness, Eq.
(19) and the five constraints: Eqs. (20)-(23). Solutions are gener-
ated in order to minimize all objectives. Dominated solutions are
rejected. Dominated solutions are defined as solutions that are
worse than at least one Pareto optimal solution considering all
objectives.

The selection strategy hierarchically reduces the set of Pareto
optimal solutions until one solution remains. This solution for
the active strut positions is taken to calculate the control command
as follows:

CC=x-x, (24)

where Xy is the vector of the initial positions of the ten active struts.
The control command is applied to the structure.

2.5. Reinforcement learning

Reinforcement learning is used to improve control performance.
Although the proposed learning algorithm employs case-based
reasoning, which is often classified as supervised learning, it has
evolved into reinforcement learning since it learns from errors in
order to support incremental improvements of control commands
without an external “teacher”. The learning algorithm is divided
into memorization, retrieval, adaptation and replacement
processes.

After successful self-diagnosis and multi-objective shape con-
trol, a case is memorized. A case is composed of the following com-
ponents: case attributes, control command, slope compensation
(Table 1). Case attributes are the response of the structure in terms
of top surface slope deviation Eq. (3), influence vector Eq. (6) and
transversal slope deviation Eq. (9). The control command is com-
posed of 10 active-strut elongations and contractions. The last
component is the slope compensation that is measured on the
structure when the control command was applied.

It was observed in the study on self-diagnosis, that different
loads of similar magnitudes induce similar responses of the struc-
ture according to Eqs. (13) and (15) [2]. The retrieval function is
based on this property. The response of the structure to the current
load is evaluated in terms of top surface-slope deviation Eq. (3),
influence vector Eq. (6) and transversal-slope deviation Eq. (9). This
response is compared with attributes of cases:
|TSSD¢ase — TSSDp| < 2.2 mm/100 m, (25)

TSDcase  TSDyy

e -~ M 26
[TSDcase|  |TSDj|’ (26)

10
Vesse — Vil = | 3 (AScase () — ASw(j))* < 17mm/100m,  (27)

=

Table 1
Components of a case

Response of the structure Control command

TSSDcaser Vcases TSDcase CCease

Slope compensation

Scm(xcase)
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where the subscript case refers to case attributes and subscript m to
measured values. When conditions Eqs. (25)-(27) are true for a par-
ticular case, the behavior of the structure subjected to the current
load is said to be similar to this case. This case is retrieved.

Once a case is retrieved, its control command is adapted for
shape-control of the structure subjected to current load. Adapta-
tion based on a locally elastic-linear assumption is proposed. The
adaptation of control commands is written as follows:

TSSD,

cC =
TSSDcase * SCim(CCase)

CCase. (28)

Control command adaptation is made over two levels. Control
commands are scaled with respect to the ratio TSSD,,;/TSSD use
and the experimentally observed slope compensation SCp;(CCcase)
that was achieved by the control command of the retrieved case.
When the control command CCis applied, experimentally observed
slope compensation SC,;,(CC) is measured. It is rarely equal to 100%.
Since this algorithm takes into account SC,, it learns from errors.
Therefore, it supports command computation through reinforce-
ment learning.

In situations where the control command that is adapted from a
retrieved case leads to slope compensation improvement, the cur-
rent case replaces the retrieved case.

3. Example using the framework

The implementation of the control framework (Fig. 3) on an ac-
tive tensegrity structure has been validated experimentally over
more than fifty load cases. In this paper, adaptation over three load
cases: 727N at node 16, 794N at node 16 and 541N at node 21 are
illustrated. These load cases were selected because they illustrate
well the functionality of the framework. Similar quality results
were obtained with all other load cases.

A load of 727N is applied at node 16. The top-surface-slope
deviation TSSD,, that results from this load is measured to be equal
to 23 mm/100 m. The transversal-slope deviation TSD,, is equal to
—9.1 mm/100 m. Active-control perturbations are applied to the
structure. The influence vector v,, can be evaluated by measuring
slope variations that result from each active-strut elongation (Ta-
ble 2).

Candidate solutions that induce a top-surface-slope deviation
close to the value that is measured on the structure according to
Eq. (12) are listed in Table 3. These six candidates were selected
from 15 possibilities. Candidate 1 is not rejected, since its transver-
sal-slope deviation is negative according to Eq. (13). Candidate 2 to
6 are not rejected either, since their transversal-slope deviation is
below the error threshold.

The Euclidean distances between influence vectors of the struc-
ture and the candidates are listed in Table 4. Since Euclidean dis-
tance between influence vectors of the structure and candidate 1,
750N at node 16, is minimum, candidate 1 is taken to be the refer-
ence candidate according to Eq. (14). Candidates 2 and 5 are also
taken to be self-diagnosis solutions according to Eq. (15).

Control commands are then computed using multi-objective
search, according to each of these three self-diagnosis solutions.
The three control commands are listed in Table 5. Control-com-
mand computations took approximately 45min using a personal
computer (Pentium 4, 3.08 GHz, 1.00GB of RAM). Since the control
command that is computed according to candidate 1, 750N at node
16, uses the least stroke, it is selected to be applied to the structure.

Table 2
Slope variations measured on the structure

Table 3
Candidate solutions

Candidate  Node  Magnitude [N]  TSSD. [mm/100 m]  TSD. [mm/100 m]
1 16 -750 24.0 -3.6

2 22 —100 24.6 -0.2

3 45 -950 24.4 -1.7

4 43 -100 26.7 -0.9

5 50 -100 25.7 1.1

6 34 -150 26.3 14

Table 4

Euclidean distances between influence vectors of structure and candidates
Candidate 1 2 3 4 5 6
[Ve — V| 21.0 22.0 424 22,5 219 23.0
Table 5

Control commands according to the three self-diagnosis solutions

Candidate  Control command [mm)]

1 2 3 4 5 6 7 8 9 10
1 04 04 -04 00 -04 -04 03 04 00 00
2 05 04 -05 0.1 -02 -02 04 05 03 05
5 04 04 -01 -02 -02 -03 05 03 02 02

Fig. 4 illustrates the correction of top-surface slope. Top-sur-
face-slope deviation is plotted in the vertical axis versus steps of
1 mm of active-strut adjustments in the horizontal axis. Zero
top-surface-slope deviation means that initial slope is recovered.
This control command does not allow the top-surface slope to
reach exactly the initial top-surface slope. Slope compensation is
equal to 93%. This control event is memorized in the case base.
At the end of this control event, the load of 727N is removed from

Control for 727N at node 16
25 . ; .

N
(=]

—_
(¥, ]
T
1

TSSD [mm/100m)]
)
X

0 10 20 30 40

Fig. 4. Correction of top surface slope.

Active strut 1 2 3 4

5 6 7 8 9 10

AS [mm/100 m] 17.0 21.1 -192 ~15.1

-31.9 -30.9 25.7 26.9 -74 -7.0
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Table 6

Slope variations measured on the structure

Active strut 1 2 3 4 5 6 7 8 9 10
AS [mm/100 m] 18.2 21.1 -17.0 -14.6 -30.9 -29.5 25.4 26.8 -7.0 -6.5

node 16 and the active control system is placed in its initial
position.

Aload of 794N is then applied to the structure, at node 16. Top-
surface-slope is measured on the structure to be equal to 25 mm/
100 m. The transversal-slope deviation is equal to —9.4 mm/
100 m. Active-control perturbations are applied to evaluate the
influence vector. The influence-vector components are written in
Table 6. Since the similarity conditions Eqgs. (25)-(27) are satisfied,
the case that has been created at the previous control event is
retrieved
|TSSD¢ase — TSSDp| = |23 — 25| =2 mm/100 m < 2.2 mm/100 m,

TSDease ~ TSDp

[TSDease|  [TSDm|
[Vease — Vm| = 7.4 mm/100 m < 17 mm/100 m.

Therefore, the control command that has been used to control
the structure when loaded with 727N at node 16 is adapted in or-
der to control the structure when loaded with 794N at node 16,

Table 7
Control commands adapted from retrieved case

Control command [mm]
1 2 3 4 5 6 7 8 9 10
04 0.5 -0.1 -0.3 -0.3 -0.3 0.6 03 0.2 03

Control for 794N at node 16

using Eq. (28). Adaptation is direct. No iterations are needed. Less
than 1s is required for adaptation using the personal computer
mentioned above.

25
23-.0.93

The command to control the structure subjected to the current
load 794N at node 16 is written in Table 7. This control command
is applied to the structure. Fig. 5 illustrates top surface-slope cor-
rection. Top-surface-slope deviation is plotted in the vertical axis
versus steps of 1 mm of active-strut adjustments in the horizontal
axis. Zero top-surface-slope deviation means that initial slope is
recovered. Although the initial top-surface slope is not exactly
recovered, slope compensation improves with respect to the con-
trol event that created the retrieved case. Slope compensation is
equal to 101%.

Since slope compensation improves, a new case is created. It re-
places the retrieved case. At the end of this control event, the load
of 794N is removed from node 16. The active-control system is
placed in the initial position.

A load of 541N is applied to the structure at node 22. The top-
surface-slope deviation is measured to be equal to 144 mm/
100 m. The transversal-slope deviation is equal to 2.0 mm/100 m.
The active-control perturbations induce the slope variations that
are listed in Table 8, in order to create the influence vector.

The candidate solutions that induce a top surface slope that is
close (Eq. (12)) to the value measured on the structure are listed
in Table 9. Since candidate 3 and 4 have negative transversal-slope
deviation, they are rejected according to Eq. (13). Candidate 1,
650N at node 22, is accepted since its transversal-slope deviation
is less then the error threshold. Candidate 3, 600N at node 50
and 4, 850N at node 34, are also accepted since TSD is positive.

Euclidean distances between influence vectors of the structure

CC = CCase.

30 ' ' ' and candidates are listed in Table 10. Candidate 1, 650N at node
22, is the reference candidate, according to Eq. (14). No other can-
25 % i didates are accepted, according to Eq. (15). A control command is
X computed according to this self-diagnosis solution using multi-
20+t 1 objective search. This control command is written in Table 11
e X and applied to the structure.
S 15t i Fig. 6 illustrates top-surface-slope correction. Top surface slope
'-'é 3¢ deviation is plotted in the vertical axis versus steps of 1mm of ac-
£ % tive-strut adjustments in the horizontal axis. Zero top-surface-
'5‘ 10 i slope deviation means that initial slope is recovered. This control
A X command does not allow the top-surface-slope to reach exactly
F st % . the initial top-surface slope. Slope compensation is equal to 87%.
This control event is memorized in the case base. A new case is
ok . created.
To summarize, the control framework was used to control the
. . . active tensegrity structure over three loads (Fig. 7). When the load
'50 10 20 30 40 of 727N was applied to the structure at node 16, the self-diagnosis
Step process was followed by the multi-objective control-command
computation taking approximately 45 min. This control command
Fig. 5. Correction of top surface slope. was then applied to the structure. When the load of 794N was ap-
Table 8
Slope variations measured on the structure
Active strut 1 2 3 4 5 6 7 8 9 10
AS [mm/100 m] 22.0 23.3 -13.7 -103 -23.7 -21.1 25.6 26.4 -3.8 3.6
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Table 9
Candidate solutions

Candidate  Node  Magnitude [N]  TSSD. [mm/100 m]  TSD. [mm/100 m]

Load

A 4

——— ] stucture  |———

A 4 A 4
Reinforcement Self diagnosis

learning (727N at node16)
(541N at node 22) (794N at node16)

Control
command
application

A

A

1 16 -750 —24.0 -3.6

2 22 —100 —24.6 -0.2

3 45 -950 -244 -1.7

4 43 —100 -26.7 -0.9

Table 10

Euclidean distances between influence vectors of structure and candidates
Candidate 1 2 3
[Ve — V| 20.6 21.8 28.7
Table 11

Control commands [mm] adapted from retrieved case

Active strut
1 2 3 4 5 6 7 8 9 0
3.0 0.7 13 -1.8 -3.0 -3.0 2.0 1.5 -1.1 -14

150 T T T ;
X
X X
X X
X
100 r « 1
E X
€ 500 X x y .
= X x
A XX x
)
0,, ,,,,,,,,,,,,,,,,,
-50 ' : : :
0 20 40 60 80 100
Step

Fig. 6. Correction of top surface slope.

plied to the structure at node 16, reinforcement learning was used
to retrieve the case that had been created for 727N at node 16 and
adapt the command that had been computed. The computational
time for this adaptation is in the order of milliseconds. The adapted
control command was then applied to the structure. When the load
of 541N was applied to the structure at node 22, the self-diagnosis
process was followed by the multi-objective control-command
computation. The control command was then applied to the
structure.

Therefore, the control framework provides two possible paths
for computation of control commands. The reinforcement-learning
path is much faster and improves control-command quality. This
path will be taken increasingly as the structure gains experience
from previous loading events. Exploratory studies have indicated
that, for the loading described in this paper, approximately one
hundred and fifty cases would be necessary to ensure that all
new loading situations can be controlled through adaptation of
cases.

Multi-objective command
computation
(727N at node16)
(794N at node16)

A

Fig. 7. Summary of using the control framework for three loading events.

4. Future work

Further challenges, such as accommodating more complex
loading situations and better case-replacement strategies have
been identified. Increased complexity can be accommodated by
stochastic-search strategies such as those used to search for good
control commands [9]. There are also several other opportunities
for improvements in self-diagnosis, multi-objective control, self-
repair and reinforcement learning. New results are expected to
provide further progress in the field of adaptive civil-engineering
structures.

Since tensegrities are lightweight structures, they are suscepti-
ble to vibrations. In practical situations, civil-engineering struc-
tures are subjected to mechanical, pedestrian, traffic, wind and
earthquake loading and in addition, structures in space could be
subjected to rapid temperature changes and impact due to debris.
In situations where an excitation frequency is close to natural fre-
quencies, resonance could damage the structure. Current work in-
cludes a study of the effect of vibrations and the capacity of the
active-control system to attenuate them.

5. Conclusions

A control framework that integrates self-diagnosis, multi-objec-
tive shape control and reinforcement learning contributes to the
advancement of experimental and analytical knowledge of adap-
tive civil-engineering structures.

Self-diagnosis extends active control to adaptation in partially
defined environments. The control system of an active tensegrity
structure can be used to support self-diagnosis. Multi-objective
search has been used to select control commands that allow for
shape control of an active tensegrity structure while maintaining
robustness of the structure and its control system. An algorithm
for reinforcement learning is proposed to improve active control.
Reinforcement learning helps improve the control of an active
tensegrity structure with respect to command-computation time
and control quality. More generally, the combination of learning
algorithms with active-control systems is attractive for improving
the usefulness of structural control.

The control framework that is presented in this document has
the potential to be adapted to more complex loading and damage
as well as to more complex active structures in order to create a
wider range of adaptive civil-engineering structures.
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Appendix

K Approximate global-stiffness
indicator

S Top-surface slope of the
structure at initial state

S Top-surface slope after loading

s’ Top-surface slope after
perturbation

N Top-surface slope after
correction

Ne Slope compensation

T Maximum stress-ratio

TSD Transversal-slope deviation

TSSD The top-surface-slope deviation

AS Slope variation

v Influence vector
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